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nonlinear response located at 22.5-deg . from some or all
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a damage zone propagates usually along one of the fiber
di rections. Failure occurs when this damage zone reaches
some critical value . There also seems to exist a threshold
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At least under uniaxial loading, it was found that the
notch strength for the laminate studied is indenendent of
notch :~eometrv. Notch size effect can be satisfactorily
explained and predic ted using as a failure criterion the
stresses averaged over a distance of 3-5 mm from the notch
boundary. The strength reduction of niates with holes under
equal biaxial loading is approximatel y 30 percen t lower than
under uniaxial loading and the two cases represent upper
and lower bounds .~~—Biaxial tests of plates with cracks
reveal the important contribution to failure of the far-field
shear component.
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FOREWORD

This is the Final Report on lIT Research Institute

Project D6108, “Biaxial Testing of Graphite/Epoxy Composites

Containing Stress Concentrations ,” nrepared by IITRI for the

Air Force Materials Laboratory , under Contract No. F336l5-75-C-

5113. The work described in this report was conducted in the

period April 1, 1975 to September 30 , 1976. Dr. J.M. ~Thitnev ,

AFNL/MBM , was the project engineer . Dr. I.M Daniel of IITRI

was the principal investigator . Additional contributions to the

work reported herein were made by Dr. T. Liber and Messrs.

W. Hartrick , L. Korso , R. LaBedz , T. Niiro , B. Nowak , M. Senninger

and T. Todner.

Respectfully submitted ,

lIT RESEARCH INSTITUTE

I.M . Daniel
Science Advisor
Mechanics of Materials Division

APPROVED :

/~~ *S.A. Bortz-
Assistant Director
Mechanics of Materials Division
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SECTION 1

INTRODUCTI ON

Advanced filamen tary composites are finding increasing

app lica tions in more critical a i r c r a f t  components  such as S

fuselage , wing , control surface panels and engine fan blade

and con tainment struc tures . Tvlhile c o m p o s i te s  o f f e r  s i g n i fi c a n t
potential strength and weip .ht advantages , it is necessary that

they also meet current Air Force design criteria of damage

tolerance . In order to emp loy these composites in design th

more confidence it is necessary to evaluate their tolerance t o

flaws and stress concentrations .

The problem of stress distribution around a cutout in a

composi te pla te has been trea ted a n a lyt i c a l ly  us ing  l i n e a r
anisotropic elastici ty (Referenc es 1 , 2) and finite element

methods (References 3-8). The latter can be used to accoun t

for material inhomogcneitv , nonlinearity , and inelasticity.

Related analytical failure s t u d i e s  have been lim ited. Experimental

methods using strain gages , photoe lastic coatings and moire

grids have proven very useful in verifvinr, theoretical solutions

in the linear range and complementing them in the nonlinear

range (References 9-14) . E x p e r i m e n t a l  m e t h o d s  are  o s ne c in  l i v
useful in studying failure modes .

Most of the failure analyses of composites dth stress

concentrations , such as holes or cracl . s , are based on the
assump tion of linear material behavior and on failure criteria

carried over from isotropic materials. Gresacoub (~ efercnce 15),

for examp le , used a form of the Hill crit erion based on dis to rtion
energy to determine the ultimate load and l o ca t i on  of f ai lu r e
on the hole boundary. ~oddoup s , Iii senmann  and Kar:inski

(Reference 16) nnn lvre d failures in cor-po site niates with h o l e s

1
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using linear elastic fracture mechanics and assuming the existence

of two f i c t i t i o u s  G r i f f i t h  type  cracks  on the boundary  of the
hole. No physical interpretation was given to these fictitious

cracks. Cruse (Reference 17) analyzed a similar problem by
modeling the circular hole with a straight crack having an equivalent

stress distribution near its t i n . Recen t ly , Whi tney  and Nuismer
(Reference 18) proposed simplified stress fracture criteria which

explain discontinuity size effects without applying linear

elastic fracture mechanics. They are based on the actual stress

distributions near the discontinuit y and assume the existence of

a characteristic dimension . Accordin g to one criterion nroposed ,

failure occurs when the average stress over  t h i s  c h a r a c t e r i s t i c
dimension equals the unnotched tensile strength of the material.

Comparison with results from uniaxial tensile tests showed

satisfactory agreement between predicted and measured strengths for S

a narrow range of value s of the characteristic dimension .

Nost of the analytical and experimental work above is

limited to uniaxiallv loaded laminates. Very little work has

been reported on the behavior of such laminates with stress
concentrations under biaxial states of stress. The inhomogeneity

of the material , the nonlinearity of response near failure and

the comp lex interaction of failure modes near notches make it

very difficult to predict biaxial behavior on the basis of

uniaxial response. An experimental approach dealing directl y with

biaxial loading of composite p lates with stress concentrations
is therefore very important.

The o b j e c t i v e  of t h i s  investigation was to stud y experi-
mentally the deformation and failure under biaxial tensile loading

of graphite/epoxy plates containing circular holes and cracks of

various sizes and to determine the influence of notch size on

f a i l u r e . This s t u dy  was l i m i t e d  to a qu a s i - i s o t r o p i c  l a m i n a t e .

2
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The program consisted of testing uniaxial unnotched and notched

specimens and biaxial notched specimens. The approach used was

to measure d e f o r m a t i o n s  b y means of experimental strain analysis
techniques , determine strain concentrations , strain dis tribu tions
failure modes and strength reduction ratios. Whenever possible
results are compared with analytical predictions .

3
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SECTION II

MATERIAL QUALIFICATION AND CHARACTERIZATION

1. MATERIAL QUALIFICATION

The graphite/epoxy svster’: selected was the SP-286T300

manufactured by the 3M Company . It is made of Thornel 300

fibers impregnated with SP-286 resin. A quantity of 50 lb

of 12 in. wide and 0.005 in. thick prepreg tap e was procured.

The graphite/epoxy material receive d was qualified by

determining its flexural and interlarriinar shear strengths from

unidirectional coupons . The prepreg material was cured

according to the following curing cycle:

1) Insert bagged layup into cold autoclave and

apply full vacuum .

2) Pressurize autoclave to 690 kPa (100 psi).

3) Raise temperature at 2 .8 degK (5°F) per minute

to 393 degK (250°F) . -

4) Release vacuum .

5) Raise temperature at 2.8 degK (5°F) per minute

to 448 degK (350°F) and hold for 2 hours.
- 5-
-

6) Allo~ to cool to room temperature .

7) Postcure at 478 degK (400°F) for 6 hours in

air circulating oven .

A 15 .2  cm x 15.2 cm (6 in .  x 6 i n . )  u n i d i r e c t i o n a l  p l a t e ,

15-p lies thick , was fabricated for qualification testing.

Flexural strength coupons were 10.2 cm (4 in.) long , 1.3 cm

(0.5 in.) wide with a f-u3 cm (2.5 in.) span length . Interlaminar4
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shear strength coupons were 1.5 cm (0.6 in.) long , 0.6 cm (0.25 in.)

wide with a 1 cm (0.4 in.) span length. Ihese snecimens were

subjected to three-point bending. Results of these qualification

tests are tabulated below :

TABLT’, I
QUALIFICATION FLEXURE TESTS FOR GRAPHITE/EPOXY SP-286T30()

Specimen Thickness ‘v!idth F l exu ra l  S t r e n g t h
Numb er cm ( i n . )  ci:: ( i n . )  MPa ( k s i )

1 0.188 (0.074) 1.265 (0.498) 1660 (241)
2 0.196 (0.077) 1.262 (0.497) 1730 (251)
3 0.196 (0.077) 1.265 (0.497) 1735 (251)
4 0.193 (0.076) 1.270 (0.500) 1755 (254)
5 0.190 (0.075) 1.2 62 (0.497) l~

Q5 (245)
6 0.196 (0.077) 1.260 (0 .50 6) 1701) (246)

Averac’e 1710 (2L~8)

TABLfl II
QUALIFICATION INTEITh ANINAR SHEA ~ TESTS FOR GRAPHITE /E POXY SP-28 6T3 00

Specimen Thickness Width Shear Strength
Number cm (in.) cm (in.) t-lP a (ksi)

1 0.193 (0.076) 0.625 (0.246) 88.6 (12.8)
2 0.193 (0.076) 0.620 (0.244) 87.9 (12.7)
3 0.193 (0.076) 0.630 (0.248) Q1 .2 (13.2)
4 0.193 (0.076) 0.627 (0.247) 92.3 (13.4)
5 0.193 (0.076) 0.622 (0.245) 91.2 (13.2)
6 0.191 (0.075) 0.615 (0.242) 89.8 (13.0)

Average: 90.1 (13.1)

The results above were judged satisfactory since they

exceed the highest data available from the manufacturer for the

comparable material SP-286T2 .

5
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2. CHARACTERIZATION OF UNIDIRECTIONAL MATERIAL

Unidirectional tensile properties were obtained by testing

2.54 cm x 22.9 cm (1 in. x 9 in.) 8-ply coupons. Four specimens
of each were tested. Typical stress-strain curves as well as
modulus , Poisson ’ s ratio and strength obtained from these tests

are shown in Figures 1-4. Strains in the 0-deg. direction are

linear to failure . Axial strains in the 90—deg. specimens are
l inear up to a s t r e s s  of ap n rcx ima te lv  21 M~ a (3 k s i )  cor responding
to a strain of 0.002 , thereafter they increase at a faster rate .

Compressive prooerties were obtained using the IITRI-

designed compression test fixture which represents an improved

modification of the Celanese fixture . The IITRI fixture uses

trapezoidal wedges as opposed to the conical grips of the Celanese

f ixture . The t ra pezoidal  wedges permit  sur f a c e - t o - s u r f a c e  contact

at all positions and app ly lateral compression to the specimen

tabs to prevent slippage . The longitudinal coupons were 13.5 cm x

0.64 cm (5.3 in. x 0.25 in.) and 15-plies thick (1.93 mm; 0.076 in.)

with a gage length of 9.5 mm (0.375 in.). The transverse coupons

were 16-plies thick and had a gage length of 6.4 mm (1/4 in.).

The gage sections of these specimens were instrumented with axial

gages on both sides , primarily to monitor strains during loading

and confirm the axiality of compressive loading un to failure.
Stress-strain curves to failure for the unidirectional compressive

specimens are shown in Figures 5-8. Also shown in these figures

are the modulus and strength obtained from these data . Both 0-deg.
and 90-deg. specimens show nonlinear strain behavior not associated
with buckling. The 0-deg. specimens show a modulus somewhat

lower than that obtained from corresponding tensile specimens hut
this difference is not regarded as significant and may be due to the
early nonlinear behavior of the material. Their compressive

strength is appreciabl y lower than the 0-deg . tensile strength.
The modulus for the 90-deg. specimen s is the same as for the 90-deg.
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tensile specimens. The comp ressive strength is more than four

times the tensile strength as is always the case.

In-plane shear proper ties were determined by two different

methods , by testing 10-deg . off-axis unidirectional specimens

and [±
~~

J 2~ 
uniaxial specimens. In the first method the speci~ ens

werel.27 cm (0.5 i n . )  wide , 6 - p l y  th i ck  and  2 5 . 4 cm (10 in.)
long. They were instrumented with a three-gage strain gn~:c rose tte

on each side . Shear stress and shear strain computed from the

measured data are p lotted in Figures 9 and 10. The in—p lane shea r

modulus and shear strength obtained from the data are also shown

in the figures. In the second method two {+45]9 eigh t-ply coupons

were prepared , instrumented with two-gage rosettes on each side

and loaded to failure under uniaxial tension . The in-p lane shear

stress and shear strain were computed from the axial stress and

the measured axial and transverse strains as follows :

12 
= - E~~ y

where = axial stress

= axial and transverse strains , resnectivelvxx y’~ 
S.

Shear stress versus shear strain are plotted in Figures 11 and 12

for the two specimens . The average values of the modulus and shear

strength obtained are :

G12 6.1 CPa (0.89 x 106 psi)

~l2 
— 72 MPa (10.5 ksi)

The value for the modulus is somewhat lower than that obtained frun:

unidirectional 10-degree off-axis tests and the shear strength is

appreciably higher than the value obtained in those test:~.

15
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Results from the characterization t~~sts above ~u~ - tabuL~ted

in Table III. All values are higher than the m anufac turer ’ s data

for  the comp arable  m a t e r i a l  SP-286T2 .
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TABLE III

PROPERTIES OF U N I D I R E C T I 0 ~ AL GR A P H I T E / E P O X Y

SP-286T 300

Property Value

Pl y Thickness 0.130 mm (0.0051 in.)

Longitudinal Modulus , E11 149 C-Pa (21.6 x 106 psi)

Transverse Modulus , E22 10.6 CPa (1.53 x 106 psi)

Shear Mo dulu s , 012 6.4 CPa (0.93 x i0~ ps i)
Major Poisson ’ s Ratio , 0.31

Minor Poisson ’ s Ratio , v 21 0.014

Long i t u d i n a l  Tens i le  S t r eng th , S liT 1477 MPa (214 ksi)

Ultimate Longitudinal Tensile
Stra in , C

~~lT 0 . 0 0 9 7 2

Longitudinal Compressive
Strength , S11C 1132 MPa (164 k s i )

Ultimate Long itudina l  Compress ive
Stra in , 

~i1C 0.01040

Transverse Tensile Strength , S92T 54 ~“1Pa (7.8 ksi)

Ultimate Transverse Tensile
Strain , t22T 0.00541

Transverse Compressive Strength ,
S22~ 211 MPa (30.6 ksi)

Ultimate Transverse Compressive
Strain , ‘ 22C 0.02565

In-p lane Shear Strength , 
~12 

72 MPa (10.5 ksi)

Lltima te Shear Strain r 12 0 0110
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SECTION III

U NIAXIAL TESTS OF UNN OTCH ED J~A~’I~ ATE

Basic properties were determined of the qu a si-i sot ronic

[O/±45/90} laminate used in subsequent tests with notched

specimens. Uniaxial tensile properties were determined in the

0-deg. and 90-deg. directions with respect to the outer fiher~~.

The specimens were standard 2.54 cm x 22.9 cm (1 in. x ~ ~n )
coupons instrumented with two-gage rosettes on each side .

Stress-strain curves to failure are shown in Figures l3-l~- . The

strain response is linear up to a~ proximate1v 240 MPa (35 1~si)

corresponding to an axial strain of ap~roximateiv ~ x i0~~
This is a little higher than the strain at which the response of

the 90-degree unidirectional snecimens becomes nonlinear

S (Figures 3 and 4). Although the number of snecirnens tested is

very small , the influence of stacking seciuence is anmarent . The

s t r e n g t h  of the [9 O/ ± 4 5 / 0 }  spec imens  is a p p r o x i m a t e l y 7 . 5 ~ h i g h e r

than that of the [O/+45/90]~ specimens. This is probably due to

the fact that the interlaminar norma l stresses near the edges

between the outer 90-degree plies and the inner p lies in the
[ 90 /+45/0]~ layup are compressive .

Additional tests were conducted on the cuasi-isotrop ic

laminate above at 30-deg. to the outer fibers , to characterize it

closer in the loading direction of subsequent biaxial specimens

with cracks . Typical stress-strain curves for such a specimen

are shown in Figure 17. The modulus and Poisson ’s ratio are the

same as for specimens tested in the 0-deg. and 90-deg. directions ,

however , the strength is lower .

Results of all uniaxial tensile tests on the unnotched

laminate are summarized in Table IV.

22
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TABLE IV

STATIC TENSILE PROPERTIES OF {0/±45/90]~

G R A P H I T E / E P O X Y  LAMINAT ES

yojulus Po isson ’ s St r en g t h U l t i m a t e  S t ra in
DLrectlon .

- F Ratio S xxTo~ xx xxT
Loadinc  ~~~c .P a ( l Q6 n sj )  

— 

V xv MPa ( k s i )  (10~~~)

0-(Ie~~. 55 ( 8 . 0 )  0 . 3 0  502 (73)  10.0

9O-~i e c .  55 ( 7 . 9 )  0 . 3 0  541 (78)  10.3

30-deg. 54 ( 7 . 8 )  j 0 . 3 0  4 14 (60)  8 . 0
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SECTION IV

ISJNIAX IAL TESTS OF NOTCHED LAM INATE

1. SPECIMENS

The. specimens were 8-ply [0/±45/90] laminates 12.7 cm

(5 in.) wide and 56 cm (22 in.) long and were tabbed with glass/ S

epoxy tab s as shown in Figure 18. These tabs were made from

11-p ly glass/epoxy crossplv (3M 1007 Scotc~i~ lv). A fixture was
made for aligning the test laminate with the precut tabs , bonding 

S

the tabs onto the laminat~ and drilling three 1.27 cm (0.500 in.)

through holes at each end (Figure 19). The same fixture was used

to locate and drill central circular holes. All holes were drilled

wi th  diamond core d r i l l s .  Centra l t r ansve r se  t h r o u g h - t h e - t h i c k n e s s
cracks were  mach ined  ultrasonically .

The crack geometry selected is illustrated in Figure 20.

The overall leng th of the crack was varied hut the width at the

center and the end geo r~c t rv  were constant. The crack had tapered

ends (13°)  t e r m i n a t i n g  in a 0 . 0 7 b  mm ( 0 . 0 0 3  i n . )  r a d i u s  f i l l e t .
The uniformity of the crack geometry makes cormrarison of the final

results more valid.

Four hole diameters and four crack lengths , 2 .54 cm (1 in.).

1.91 cm (0.75 in.), 1.27 cm (0.50 in.) and 0 . 64  cm (0.25 in.), were

inves t igated. The configuration of the notched uniaxial specimens

is outlined in Figure 21. Two specimens were tested frr each

notch type and size .

2. STRAIN MEASUREMENT

Deformations and strains were recorded at various load ,
incremen ts using strain gages , hirefringent coatings and moire

Crids. Strain gages were mounted near the notch and along the

29
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1.6 mm (0.061 in.)

13° mm
(0.003 in.)

2a

2a = 25.4 upu (1 in.)
= 19. 1 tflPl (0.75 in.)
= 12.7 mm (0.50 in.)
= 6.4 mm (0.25 in.)

Figure 20. Geometry of Ultrasonically Machined

Cracks in Graphite/Epoxy Laminates
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of 10 / + 45/ 00 1 , , Laminate
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horizontal (normal to loading) axis . They include single gages

and two-gage rosettes of various sizes. In the case of specimens

with holes miniature gages of 0.38 mm (0.015 in.) gage length

were bonded on the curved edge of the hole. A photograph of a

typ ical gage layout near the hole is shown in Figure 22. Specimens

with cracks were instrumented with strain gages along the

horizontal (crack) axis with miniature gages in the vicinity of

the crack tip. Typical gage layouts around cracks are shown in

Figures 23 and 24. The strain gage output was recorded by means

of a digital data acquisition system , which gave a printout directly

in s t r a i n s .

In many cases birefringen t coatings were bonded to one side

of the specimen to obtain full-field strain information . Commercial

coatings with a reflective backing (Photolastic , Inc.) ranging

in thickness between 0.25 mm (0.01 in.) and 1 mm (0.04 in.) were used.

The thinnest coating was used on specimens with cracks. Coatings

0.5 mm (0.02 in.) thick were used on all but the specimen with 2.54 cm

(1 in.) diameter hole , where the thicker 1 mm (0.04 in.) coating was

app lied. The isochroma tic fringes in the coating were observed with

a reflec tion polariscone and recorded photographically.

Photoelas tic coating fringes were interpre ted on the basis

of the strain-optic law

- ~~ 
Nf ~

- 

~2 
C l 

- C
2 

=

where superscrip ts c and s refer to coating and specimen , respec tively,

N is fringe order , h the coating thickness and f the strain fringe

value , a material constant . The p r inc ipa l  strain along a stress-free
boundary where the directions of principal stress and principal

strain coincide is given by

Ns 1
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The effec t of Poisson ’ s ratio mi si-at ch was not ireat hecause Poisson ’ s

ratio for the quasi-isotrop ic laminate is not very different from

that of the coatinr .

Moire techni ques were used in Son y cases to  obtain full-field

information of the in-p lane surface displacements. App lication of

these techniques to composites have been discussed before (References

.9 and 19). Arrays of 400 lines/cm (1000 lines/in.) were applied

to the specimen surface around the notch . The specimen su r f ace  was
made r e f l ec t ive by deposi ting a thin coatina of epoxy dyed whi te
with Titanium dioxide . The film wi th the array of lines was then

bonded on this white reflective surface. During testing, a similar

film with the same array of lines was placed in contact with the

specimen array by mean s of a film of oil. D e f o r ma t ion of the specimen
produces interference fringes which represent loci of constant

co mponent of disp lacement normal to the specimen array . Differentiation

of these displacement loci yields strains .

3. LOADIN(~

Uniaxial notched specimens were loaded mainly through friction
by bo lting gripper p lates lined ~: it h  emery c lo th  to the tabbed ends ,
Figu re 25 .  The sp ec imens  were loaded in increnents in a 120 , 000 lb
Riehie testing machine at a crosshead rate of 1 I:lni/min (0.04 in/mm ).

At every load level strains were recorded with a di~ tal data

a c q u i s i t i o n  system and pho toelastic and noire fringes recorded
nhoto ,~rap hica1lv.

4. RESULTS FOR SPECIMENS V ITH HOLES

Spec imen No. 4- 1 had a 0 . F4 ~~ (0 2 5 in. ) diameter hole. It

wa s instrumented with a few na~ es near the hole boundary and in the

far-field. Strain distributions ire shown in Figure 26. The far-

fi eld strains are n e a r l y  l i ne ar  to failure whe eas those near the
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(0.25 in.) Circular Hole Under Uniaxial

Tensile Loading
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hole hecu :e nor -lin 5 lr a~ a s t r e s s  l i - :ol of l ’J) V I a  (20 ksi)

Failure in i t ia t.. d on h~ hole bound ary i points off the

h or i z on t a l  a x i s  aa ~ rroaa . S T d  -a’. ross hI w id T h of t h e  p l a t e
in a n e a r l y  h o r i r or  al  I i r c - c ~~~cn . i’h’. , ‘.eri ~ c t a i  lur e s t r ess .
b a s e d  on he cross sect ion , w a s  S ,~, - .~ 71 VPa (39  k si 5)

Sp e c ir a n :.~~~. .
~~— 2  . a ~~~~ le a f ’. of~~ he above , had a 0. 64 cm

(0 .  25 in. ) dtanet e r hole ; i i n l  was Inst ruinent ed with strain pages

and a 0. 5 mu (0 .  020 i n . )  n I t ~~’. I as~ I c  coat.inr. . P a c e s  were bonded
on the  c a r v e d  b o u n d a r y  ol  the h o l e  an d a t  v ar i o u s  l oca t i ons  along
the h o r i a o n t a l  a’~ s . Re~.c i 1 t s  a re  .5 i h .n~f ’ )  i n  i i  Cu r e  2 7 .  S t r a i n s  along

S the  t r a n s v e r s e  (horicontal) ;cx i s as a f inct ion of a rp li ed  s t ress  are
p lotted. The far—fi id s~ rains are lin ea r for th e most part , up

to an applied stress of approximatel y 210 ~Ta (30 ksi~ - T h e r e a f t e r ,
the y becorre si chtlv no~ Linear up to f i  Lure . The onset  o f nonl inear
response occurs earlier as on approaches he hole . The s t r a i n s  at

the two sym m e t r i c  b rat ion - on t h e  hole -a ,~’ darv are nearly equal

to each o th er  up to an ap ri i 5a1 stress al :cpni ’xcr .tatel y 100 MPa

(15 ksi) . Thereat t e r  , the strain at ~~~~‘ -  n oint continues to increase

in a sli ’htl v nonlinear n -c fla ir ‘.:heras the s- t rain at t h e  sym m e t r i c
point  increases  v e ry  ran idlv . The lat c r  ray he due to some l o c a l i z e d

f a i l u r e  in the  area of t h e  pa~.e Values for the modulus , Poisson ’ s

r a t i o , s t r e n g th  and s t r a i n  corn ea t a r ’ I o n  f a c t  or ob t a i n e d  from the
m ea s u r e d  and p l o t t ed  d a t a  are :

= 56 GPo ( 8 . 1  x 10h ps i )

v 0. 25
V

S.. . = 282 N b a  ( ‘ -c l  P s i )

k =

The measured value of  the s t r a i n  c o n e e n t  r a t  ion factor compares well

wi th the the oret jcal. y a l T a ’ .  o f  3.  [a i l u r e  i n i t i a t e d  on the hole
boundary off t he  hori :-ontal c x l  s rind pron ;nnctc’d across the width of
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the plate. Extensive delamination accompanied this fracture pro-

pagation . The average failure stress , based on the gross section ,

was 282 MPa (41 ksi).

Results for specimen No. 4-3 with a 1.27 cm (0.50 in .)

diameter hole are shown in Figures 23 and 29. The far-field strains
are for  the most part linear. The strains at the two symmetric

locations on the hole boundary are nearly equal to each other up
to an applied Stress of approximately 83 MPa (12 ksi). Thereafter ,

the strain at one point increases at a decreasing rate and the

strain at the symmetric point continues to increase linearly up to
an applied stress of approximately 138 MPa (20 ksi). The onset
of failure beyond this point is evident. Values for the modulus ,

Poisson ’ s ratio , strength and strain concentration factor are :

~~~ 
= 54 CPa ( 7 . 9  x 106 ps i )

= 0.31xy

S = 247 MPa (36 ksi)xx
k = 2.96

C

Results for specimen No. 4-4, which was a replicate of
specimen No.  4-3 above , are shown in Figure 30. The far-field
strains are linear to failure . Strains on the hole boundary are
linear up to an app lied stress of approximately 103 MPa (15 ksi).

Therea f t e r  they increase nonlinearly at a slower rate. This
unusual trend continues up to failure. Values for the elastic and

strength constants for this specimen are :

~~~ 
= 56 GPa (8.2 x l0~ ps i )

= 0.30xy
S~~ = 263 MPa (38 ksi)

k1 = 2.64
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The strain concentration factor is substantially lower than the

theoretical value and previousl y obtained experimental values.

Specimen No. 4-9 had a 1.91 cm (0.75 in.) diameter central

circular hole. It was instrumented wi5th a 0.51 torn (0.020 in.)

thick photoelastic coating and strain gages. Strain distributions

obtained from strain gages are p l o tt e d  in F igu re  31. S t r a i n
readings on the boundary of the hole were erratic for the most

part and are not shown . Values for the modulus , Poisson ’ s ratio ,

and strength are :

E = 56 CPa (8.1 x io6 ps i)
= 0.28xy

S = 243 MPa (35 ksi)xx

The strains near the hole boundary (~ = 1. 06) are linear up to an

app lied stress of approximatel y 140 MPa (20 ksi).

P h o t o e l a s t i c  f r i n g e  p a t t e r n s on the ohotoelastic coating

used on this specimen are shown in Figure 32. The po in t s  of
tangential strain concentration off the horizontal axis become

evident at higher loads . In this case these points are located

at an ang le of 71-degrees from the loading axis. The variation of

fringe order and tangential strain at the fl - . 71- and 90-degree

locations on the hole boundary i s  shown in Figure 33. The frince
order at the 0-degree  locat  f o r  . corresponding to the compressive

strain at that point , varies linearly to failure . The b ir e f r i ng e n c e

at the 90-degree location varies linearl y uo to an a p p l i e d  s t ress
of approximatel y 110 NPa (16 ksi) correspondiru’ to a tangential

strain of approximately 0.006. . The l a t t e r  corresoonds  to  the
failure strain of t h e  Q0-degree olics. The fringe order , hence  the

tangential strain , at the 71 degree location becomes nonlinear at

a lower stress , anproximatelv 83 ‘IPa (12 1<si ). Thereafter i t
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increases at a faster rate overtaking, and exceeding the fringe

order (strain) at the 00-deT’ree location . Failure initiated at

these o f f - a x i s  p o i n t s .  S

Specimen No. !-1O was a replicate of No. 4-9 above . It

was exten~ iv .’lv instrumented with strain gages. Strain variations
to failure ar.. shown in Figures 34 and 35. Strains on the hole

boundary an..- linear up to an applied stress of approximately 83

~Ta ( 12 k s i ) ,  t h e r e a f t e r  t h e y  tend to show a s t i f f ening e f f e c t .
This  may not  he r e a l i s t i c  s ince  it was observed that the gages

tended to Liehond at that point due to splitting of the laminate at

the eJee as a result of interlaminar tensile stresses. This

interlaminar tensile failure near the edge affects in a similar

manner the strain readings at a distance of 1.06 radii from the

center of the hole. Strains farther away from the hole remain

l inear  to hi gher  app l i ed  st r e s se s .  The f a r - f i e l d  s t ra ins  appear
l inear  to f a i l u r e .  Failure initir~tted at the characteristic off-

axis points discussed before . Values for the modulus , Poisson ’ s

r a t i o , s t r e n g t h  and s t r a i n  concen t ra t ion  fac to r  are :

~~~ 
= 5 2 . 5  CPa (7 . 6  x io E p si)

= 0 . 2 9

5xxT 
= 219 NPa (32 ksi)

k = 2 . 9 f l

Specimen No . .4-il had a 2.54 cm (1 in.) diameter hole. It
was instrumented with a 1 mm (0.04 in.) thick photoel.astic coating

on one side and strain gages on the other side . Strain distributions

obtained f r om  s t r a i n  gages  are p l o t t e d  in Fig ure 36. Stra ins  on
the boundary of the hole are linear un to an applied stress of

approximatel y 117 MPa (17 ksi), thereafter the strain at one point

of the hole boundary increased at a much faster rate whereas the

5 
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ra te  of increase at the symmetric point decreased. This may be due

to some asymmetric failure initiation . Values for the modulus ,

Poisson ’s ratio and strength are :

~~~ 
= 56 CPa (8.1 x 106 psi)

V = 0.30xy
S = 299 MPa (33 ksi)xx

Fringe patterns on the photoelastic coating used were analyzed at

the 0-degree and 90-degree  l oca t ions .  The f r inge  order var ia t ion

and that of the tangential strain at these two locations are shown

in Figure 37. The birefringence at the 90-degree location varies

l i n e a r l y  up to an appl ied  stress of approximately 110 MPa (16 ksi)

corresponding to the 90-degree p ly failure strain of approximately

0. 006€ .

Specimen No. 4-12 was a replica te of No. 4-11 above . It

was extensive ly instrumented with strain gages. Strain variations

to failure are shown in Figures 38 and 39. Strains on the hole

boundary and near the boundary show a stiffening effect which is

due to some delamination on the boundary . Values for the modulus ,

Poisson ’s ratio , strength and strain concentration factor are :

~~~ 
= 54.5 GPa (7.9 x 106 psi)

v = 0.30xy
S = 209 MPa (30 ksi)xxT
k = 3.00

C

To extend the study of hole size effect , another set of

spec imens with hole diameters of 4.76 mm (0.1875 ir.). 1. 5° mm

(0.0625 in.), 0.406 mm (0.016 in.) and 0.20 mm (0.003 in. ’) were

prepared and tested. These specimens were 2.54 cm (1 in.) wide
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Figur e 37. Fringe Order and Tangential Strain at Two Locations on the

Hole Boundary for (Of±4Sf9 0l~ Graphite/Epoxy Specimen with
a 2.54 cm (1 in.) Diameter Hole Under Uniaxial Tensile
Loading (Spec. No . 4-11).
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57

_________________ — - ---~~~~~~ 



r 
55

~~~

5

~~~~~~~ ~~~~~~~~~~~~~~~ 

S 
S

35 —

:~~~~ 

-

~~~~ 

200

‘-a ‘-) - 
‘-a

Z ’ .  CC
U) z

‘-I

x -

Ct v i C~.

15 
,a

104 
- l00~~

CL 1 1’) Ct
J- .

1.20

1.58

ic 
- 1.75

4.73

5

0 I S

0 1 2 3 . ,  4 5
STRAIN , -t  , i0~~yy

Figure 39. Horizontal Strains Along Horizon tal Ax is of [0/+45/901
Cr aphite/Epoxy Specimen with a 2.54 cm (1 in.) Diamete~
Circular }~oie Under Uniax ial 

Tensile Loading (Onec.

No. 6-12).
58

4 ~ 
~~

‘ ‘ 5

S 
55 

‘S 
C

~~---- .
- S ~~~~~~~~~~~~~~~~~ - 555,55,S5~~~~-5 S S S S S  ~~—

-
~~~~~~--~~5,.- S



and 22.9 cm (9 in.) long coupons. The specimens were uninstrumented

and tested to failure to determine the strength reduction due to
the presence of the hole. Two specimens for each hole size were

tested. The four specimens with the two smallest holes did not

f a i l  through the hole .  The average strength of these four specimens

was taken as the basic unnotched strength for comparison with the

notched strength of the other specimens . The latter failed through

the holes with failure initiation at the characteristic off-axis
p o i n t s .

Typ ical f a i lu re  pa t te rns of specimens wi th  holes of various
diameters are shown in Figure 40. They illustrate the off-axis
f a i l u r e  i n i t i a t i o n  and not too s t ra ight f r ac tu re  across the  wid th
of the  specimen .

5. EFFECT OF HOLE DIAMETER

Results for all uniaxial specimens with holes are summarized

in Table V. The last column in this table shows the strength- reduction
ratio . i.e. , the ratio of the strength of the notched specimen to

that of the unnotched specimen . The average values of the measured

modulus and Poisson ’ s ratio computed from the far-field strains

agree well with the values determined from uniaxially loaded

unnotched specimens . The average value for  the strain concen tra tion
is 2 . 9 0  which is slightly lower than the theoretical value of 3.
Measured peak strains at failure exceed twice the ultimate strain

of the unnotched laminate.

The strength reduction ratio is p lotted versus hole diameter
in Figure 41. The point stress and averape stress criteria proposed

by Whitney and Nuismer (Reference 18) for uniaxial loading of plates

with holes were used. According to the point stress criterion failure

occurs when the axial (~~) stress at some distance d0 from the hole
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boundary on the horizontal (x-) ax i s  ec iua l s  the uniax ia1 s trc-<a - -th
of the unnotched material (Figure 42). The strenc.th re luction ratio

predic ted by this cri terion i.s expr essc ’ cl as

Svv 2
S 0 2+ -

- awhere 1 a+d~

d0 
= charac ter i s t ic leng th d i r , e n s i on  ( 1 mm)

S~~~ , S = strengths of notched and u n n o t c h e d  1ai ~ in a t e s , r e s p e c t i v c l v

According to the average stress criterion failure occurs when the

axial (a) stress averaged over some lentth a
~ 

fror~ the hole  h o < ~- i r -

on the horizontal (x-) axis enuals the unfaxial streng~ h 0 1  the

unnotched  m a t e r i a l  ( F i g u r e  4 3 ) ,  The s t r e n < ’. t h  r e d u c t i o n  r a t i o

predicted by t h i s  cri terion is exaresse1 as

S 2 
-

S0 (l 2)(2+:2 ’)

where
a

2 a+a
a = charac teri stic l enet h dimen sion ( 4 mm)

Experimen tal results for the strentth redClct ~on rati o were

compared with curve s based on the two criteria above . The a~’reemen t

seems to be satisfactory for characteristic dimension s of d0 = 1 mm

and a0 = 3.8 mm . One phenomenon observed exoerimentally , wh i ch is
no t pred ic ted by these curves , is that there is a critic a l hole

diameter below which the laminate become s inscosi tive to the notch

and frac ture is as likely to occur t hroii<- ,h the n o t c h e d  as through

the unnotched section .
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a ± d0

d0 
= characteristic length dimension (1 mm)

S , S0 
= strengths of notched and unnotched

laminates , respective ly

Figure 42. Strength Reduction of Uniaxially Loaded

Plate with Circular Hole According to

Point Stress Criterion (Reference 18)

64

I ~~~~~~ 
~~~~~~~~~~~~~~~  

•~~~ ‘

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _ _ _ _

G
y 

S

_ 
_ _

= 
L 

~ O 
(1S +Sc
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a
0 

= c h a r a c t e r i s t i c  length dimension (‘-3.8 mm)

S , S = strengths of notched and unnotchedYY 0 laminates , respec tively .

Figure 43. Strength Reduction of !~niaxial1 v T oaded
Plate with Circular Hole Accordi nc’ t o
Aver age Stress Criterion (Reference IS)
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6. RESULTS FOR SPEC1ME’~S WITH CRACKS

Specinien No. 4-5 had a 2.54 cm (1.00 in.) central horizontal

(transverse) crack. It was instrumented with strain gages , mostl y

in the v i c i n i ty  of the crack t ips  as shown in Figure 23. Strains

as a function of applied stress are plotted in Figures 44 and 45.

Strains in the immediate nroxiniitv of the crack ti p are nonlinear

throughout the loading ranp~e. The onset of crack extension is

evidenced by the rapid strain increase at approximatel ” 138 MPa

(20 ksi). Values for the modulus , Poisson ’ s ratio and strength are :

E = 52 CPa (7.5 x 10
6 ps i ) 

S

V = 0. 2 7

S~~ = 202 MPa (29 ksi)

Na strain concentration factor was obtained because the strain cannot
S be measured precise ly  at the very crack tip. However , at a distance

of v/a = 1,04 an i n i t i a l  s t r a in  r a t i o  ( ra t i o  of local s t r a i n  to f a r -
field strain) of 3.95 was measured. The transverse strains in the

vicinity of the crack are highly nonlinear and show irregular trends ,

S possibl y due to strain redistributions.

Specimen No. 4-6 was a rep licate of No. 4-5 above , It was

instrt.rniented with a 0.25 mm (0.010 in.) thick photoelastic coating

on one side and some strain gages on the other. A photograp h of the

gage layout in the vicinity of the crack is shown in Figure 2L4 .

Strain distribution s are plotted in Figure 46, Elastic and strength

properties obtained are :

= 55 CPa (7.9 x iO~ psi)
= 0 . 2 9xy

S = 233 NPa (34 ksi)xx
The curve for the strain ne~ir the tip of the crack (y/a = 1.03)

shows two distinct moints of slope change , at  - -

~~~~~~ 
35 MPa (5 ksi)

and = 111) T-Tn (16 ksi) corresponding to local strains of
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approximately 0.002 and 0,010 . It should b~ recalled that the
former is ecual to the strain at which the resnonse of the 90-

deg. specimen become s n o n l i n e a r  S oc t i o n  I I )  and the latter is
the ultimate strain of the unmatched laminate. It is more likely

then that the higher stress tevel ahove corresponds to sor’e crack

extens ion . The strain distrihu ti c- it arci rtd the crack tip and the
phenomenon of crock ex !cn sion or e vividl y illustrated by the
isochromatic fringe patterns in the nhotoelastic coatin~ (Fii ure

47). A noticeable characteristic is t h e  direction of initial
crack extension at a 45-decree ~n 1 c  with t he  h o r ir ont al axis .

Another C h a r a c t e r i s t i c  is tha t  t h ~ - r i -  is n o  s u s t a i n e d  crack extension
but  ra ther  an ex t e n s i o n  -~f a >ln’ - oc ~~ I t o n e  in the  v i c i n i ty  of the  cracj ~
ti p ,  As observed previou sly by  Yti nd ill et a l .  ( R e f e r e n c e  20) ,
this damaged zone cons i s t s  primaril y of suhcrack s parallel to the
fibers of each ply, some local ielaminot . ion and somet im es  f i b e r
breakage . The size of th is  z one  i n c r e - I s e s  with amp lied stress up

to some critical size , at which poi nt the specimen fails catastrophicall y.

In the case in question the r e a p  d i a m e t e r  of the  damaged zone j u s t
pr ior  to t o t a l  f a i l u r e  v—i s inpro :-:ir - :i? I~ l v 5 mm (Fit ’ure 47).

Resul t s  for  sp e > - i l - e n ho . - 4—7 wi th a 1 °1 cm (0.75 in,)

horizontal crack are shown i n  F t  -t Ires 48 and 49. St r a i n s , obtained

from strain gages , are p l o t t e d  as a function of applied stress.

Strains in the vicinit y of tto crack t i p  are nonlinear throughout

the loading range , The nonlinea:itv decreases with distance from

the crack tip. No cleare I t I iri it . for onset of rapid crack extension

is evident , as was ohse rved i i  sp ec  - ho . 4-5 above - Values for the

modulu s , Poisson ’ s ratio and st c e i i p t h  . > r e :

= 53 CPa (7. 7 x psi)

= 0.30xy
S = 180 ~ 1 i  ( .~~~ ksixx

~10

-S 
~~~~—



( i)  ~~) .
~~

(d)~~~~~~~~~~~~~

Fi gure 47. Isochromatic Fringe Pattern s in Photoelastic Coating Aroun d
Crack of Specimen No. 4-6 at App lied Stress Levels: (a)
121 MPa (17.6 ksi) , (b) 152 NPa (22.0 ksi) , (c) 172 MPa
(24.9 ksi) , (d) 192 MPa (27.9 ksi) , (e) 212 MPa (30.8 ksi)
and (f) 223 MPa (32 .3 ksi) .
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The initial strain ratio at a distance ~ 1.06 is 2.72. The

transverse s train near the crack tin i s h i ghly nonlinear , probab ly

due to strain redistribution (Figure 49).

Specimen No . 4-8 was a replica te of No. 4-7 above . It

was instrumented with a 0.25 mm (0.010 in.) thick photoelastic coating

on one side and strain gages on the other. Strain distributions

are plo tted in Figure 50. The elastic and strength properties

obtained are:

~~~ 
= 55 CPa (7.9 x 1o 6 psi)
= 0.30xy

S = 231 MPa (33 ksi)xx

Rapid damage extension , as evidenced from the s train varia t ion near
the tip of the crack (

~ 
= 1.06), occurred at a stress level of

approxima tely 
~~ 

= 186 MPa (27 ksj). The initial strain ratio at

this point is 2.53. This specimen exhibited appreciab ly higher
strength than No. 4-7 above , a f~~ wh ich is direc tly rela ted to the
measured strains near the crack tip . The isochromatic fringe patterns

in the photoelastic coating showed the same characteristics noticed
previously, i.e. , an off-axis crack extension .

Specimen No. 4-13 was a uniaxial specimen with a 1.27 cm

(0.50 in.) central horizontal crack. It was instrumented with a

0.25 mm (0.010 in .) thick photoelastic coating on one side and

strain gages on the other. Strain distributions obtained from strain

gages are plo tted in Figure 51. Values for the modulus , Poisson ’ s

ratio and strength are :

E = 57 CPa (8.3 x 106 Psi)

= 0.28

S = 293 MPa (42 ksi)xx
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The i n i t ia l  s t r a i n  r a t i o  at  a d i s ta n c e  v/ a  = 1. O~ ( r at  io of lo c a l
to f a r - t i e l d  s t r a i n )  is 2 . 2 5 .  The s t r a i n s  nea r  the  c r a c k  t i p
arc linear up to an applied stress of ap pr o x i r i a t e l v  15;~ MPa (22 ksi) .

The strain distribution around the crack tin and the

phenomenon of damage extension are vividly illustrated by the

isochronatic fringe Pattern s in the photoelastic coatinc

(Figure 52). The maximum fringe order , which occurs at the crack

ti p off the horizon tal axis , and the corresponding maximum strain

arc plotted in Figure 53 as a function of applied stress. This

curve is nearly linear up to the stress leve l of 180 MPa (26 ksi)

when the firs t cracking noises were heard. The strain concentrat:

factor computed as the ratio of the maximur~ strain at the c r a ck

tip to the far-field axial strain is 5. 70. Failure took the form

of dam age zone growth and extension . The direction of this

extension was approximately 40-deg. from the crack axis.

Specimen No. 4—14 , with a 1.27 cr~ (0.050 in. ) hori:~ontal

cra ck , was a rep lica te of N o .  4-13 above , It was instrumented with

strain ya~~cs and a 400 line-per-cri (101)0 lni ) m o i r e  r u l i n g  nar alTel
to the crack . Results from the strain ~a~’c readings are shown in

Fi ,~ure s 5Ls and 55. The strains at th ~ two svrmie t r i c  p o i n t s  near

the crack tip are nearly equal to each other up to an app lied strcs~
of anproximatelv 138 MPa (20 ksi). Therea fter , the strain at one

of  the  n oin t s  i nc reases  at  an i n c r e a s i n g  rat e . Rapid damage extens i or

o cc ur s  at ap p r o x i m a t e ly  186 ~!J~n (27 ksi) as in the case of specimen

N o .  4 - 8  above . E l a s t i c  and s t r e n g t h  p r op e r t i e s  o b t a i n e d  f re t  s t r a ’ fl

~
)
~•e (

~ f l t f l  are :

= 55 GFa (7.9 x io6 p si)

= 0.28xv
S~~ = 261 ~‘

5P n (38 ksi)

The initi a l stress rati o at a distance = 1 ,06 is 2.33. The transverse

stra in near the crack ti p shows the characteristic nonlinearity and

sjcn (‘tS d.
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tt oirc fringe patterns corresponding to vertical disp lacemen ts

in t h e  v Icin ity of the crack are sho~.m in Figure 56 for three levels

of load. Each frin~ e rep resen t s a locus of points of cons tant
vertic al disp lac ement of 0.025 mm (0.001 in.) rela tive to its
nei ghbor ing  fr inge . These fringe patterns were analyzed to y ield
far-field strains at a distance of = 3 and the crack oDening

displacement at the center of the crack (Figure 57). The p lot for
th e latter indicates that the crack opening disp laceme nt be come s
nonlinear and inc reases a t an increa sing ra te at an app lied s tress of
apnroxima telv 138 MPa (20 ksi) which is near the level of rap id
St rain increesc near the crack ti p (Fi gure  54) . Final failure was
nreceded by cracking noises heard at a s t r e s s  level  of 172 t!Pa

(25 ksi). The resulting failure around the crack is illustrated in

Ficure 5-s , where extensive fiber breakage and delamination are

evident.

Specimen No . 4-15 was a si; -~~iar specimen with a 0.64 cm

(0.25 in.) central horizontal crack . It was instrumented with strain

gayes and a 0.25 mm (0.010 in.) thick photoelastic coating. Strain

d istributions are p lotted in Figure 50 , The strains near the crack
ti p are linear up to an app lied stress of apnroximatelv 6~ MPa
(10 ksi). V a l u e s for modulus , Poisson ’ s ratio and strength are :

E..x = 58 CPa (8.3 x 106 psi)
= 1) 97

S = 320 VPa (46 ksi)

The ini tia l ~;train ratio at a distance v/n = 1.06 is 2.51 . Photo-

el astic f r i n - r  patterns in the photoelastic coating are shown in

F i :. :ire (~Q, A strain concentration factor of 5.11 was computed from

‘ hr ‘ .- i x i m u m  i r i n ~’e order at the tip of the crack. The first crackinc

n o i s e s  were heard at an app l i ed  s t r e s s  of 242 NPa (35 ksi) which is

h i  cher than the c o r r e sn o n d i ng  s t r e s s  l evel  fo r  s p e c im e n  No - 4-14

ahovr - Tb is is compatible w i t h  the  lowe r s t r e s s  c o n c e n t r a t i o n  and

82
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higher strength reduction ratio for specimen No. Ii-15. The direc t ion
of apparent damage ex tension in this case was nearly hor izon tal as
can be seen from the isochroniatic fringe patterns.

Specimen No. 4-16 was a rep lica te of No. 4-15. It was

instrumented wi th strain gages and a 400 line-per-cm (1000 lpi)

moire ruling parallel to the crack . Results from the strain gage

readings are shown in Figure s 61 and 62. The strain near the crack

tip is linear up to an app lied stress of 69 MPa (10 ksi). Cracking

became audible at an applied stress of 250 ~tPa (36 ksi ) ~
.
~hich is

the level of rapid damage extension as riariifested by the strain

near the crack tip (Figure 61). Elas tic and strength pr oper ties

ob tained from the strain gage data are :

~~~ 
= 56 CPa (8.1 x io6 p si )

~xv = 0.30

S~~ = 304 MPa (44 k s i )

The initial strain ratio at a distance v/a = 1.14 is 1.85. The

transverse strain near the crack tio (v/a = 1.16) varies similarly

as the axial strain at the same location (Figure 62).

Moire fringe pa tterns corresponding to vertical disp lacements

in the vicinity of the crack are shown in Figure 63. These frintze

p a t t e r n s  were anal yzed  to y i e l d  f a r - f i e l d  s t r a i n s  a t  a d i s tance

of v /a = 3 and the crack opening displacement at the cen ter of the
craci: (Figure 64). The plot for the latter indicates that this

displacemen t become s nonlinear and increases at an increasing rate

at an apolied stress of 207 NPa (30 ksi).

F a i l u r e  p a t t e r n s  for  specimens w i t h  c r acks  of various lengths

are shown in Figure 65. They all show extensive delamination near

the crack tips and a not too straight crack Propagation across the

wid th of the specimen . Only in one case , that of specimen No. 4-7  w i th
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a l . °L ct: (0 .75 in.) c r i c k . - a s  d e l a m i n a t i o n  absent. For some

reason he m t  erl ,in-u nar she -rn stren gth (0 the material near the

c r an e  m :-.‘as h i e , h i r i o t i t 1 i so t h a t  t h e  Li rs  t mode of f a i l u r e  t n  ggered
w i t s  e n s i  i n  t r :t ctu re  due to oP r ;in ,i ’ ~~1 h e  c r a c k  . The c rack
orop .~~- .~ ed in a n e i r  horizon t. - i l  d i r e c t i o n  and t h e  spec imen f a i l e d

c : t t a s t  r o n t ’j c a l . l v  a t  a t ow er  ‘h.m e . x n e c t’ d load ( F i n u r o  66) . I t

h i s  been O m z e r v e d  in s ev e r a l  ca ses  o co r ip os i  t e s  w i t h  n o t c h e s  t h a t
i t c h  of de l  - i m i  n a t i on  i s  a c c om p in i e  by I nn: s t r e nt ’t h  and vice  v e r s a .

he i nt e r l . - t m i n i i r shear  s t  e en g t h  o f  he m a t e r i a l  is such t h a t
l o c a l  d e l a m i n a t i o n  orecedes  c r a c k i n ,:’ or c rack  e x t e n s i o n  around a

n o t c h , t h e : :  the  s t r e s s  c o n c e n t r a t i on  is b l u n t e d  and the  load c a r r y ing

c a p a c i t Y  of  the  p a r t  is i n c r e a s e d .  The concePt of con trolled
d n i ;u : t  n a t i o n  fo r  i n c r e a s i n g  t h e  f r a c t u r e  : o in ’hness  of n o t c h e d
cor : o s it e s  is a l s o  h e i n t  in\’es~ l i n t  ed ci -~e’-.-h e r i . ( R e f e r e n c e  2 1)

Ar: a t L er:n t ‘ - ‘as made to  m e a s u r e  t. hc Oar - ia  t o  zone and c o r r e l a t e

i t w i t h  the  square  of t he  s t r e s s  i n t e n s i ty  fa c t o r  as ‘- ‘as done by

[a n d el l  et  a l .  ( R e f e r e n c e  2 0 ) .  The l e n ’t h  of the  su b c rac k s  pr o d u c i ng

the  thu . in i  : one was i t e a s  u r n  0 an  a r ex  i r : n : e  lv I r on ,  the  p h o t o  e l a s t i c
n in n e  n a t  e ra s  f o r  t h r e e  s p e c im en s  vi th  c rack  l en t ’t h s  of 2 . 54 c iii

( 1 . 0 0  i n ) ,  1 . 2 7  cm ( O . 5 f l  i n . )  and  f l 6 4  cm ( 0 . 25 i n . ) .  The subcrack

l - r i ’ i  h \ a r i e s  l i n e a r ly  w i t h  K 1
2 un to  - i v a l u e  of K 1 

= 30 1-t i T l I r l

( 2 7 .  5 I s !  i t : ) f o r  a l l  t h: .ree c rac i :  l e np i  :s ( F i : r ir e  6 7 )  - Th e r ea f t e r ,

t h e  s i h c r . i c k  I e n t ’ t h  i n c re a s e : -  aga i n  i i  n e r i r l \ ’  w i t h  K 1 hu t  a t  a f a s t er

:-:hi ch is n e a r ly  hi 5.-t in e f o r  a l l  roe c r a c k  l e n g t h s . This

b i l i n e a r  r : : ur e  of ~hc- c u r ve i s  c h a r . ’ i c t i r i s t i c  o t  n o t c h  i ns e n s i t i v e

l a m i n a t e s

7 . F .1 l - fC ’i  oF ( 0 1\ ( ’} ’  r I (r i ’t~

R e s u l t : I r a l l  t :n  a x i n l  e n e c i : ’ , cr ’. s ‘ci i t :  -a~i- a r - c ’  s um r i ar ized

i~ T ab l e  ‘ci - The ;r v e r l t ’n  . 1 1 : 1 4 - :  0
1 1: (‘ n-n a s i r r o d  n o d i t l u s  and Poi sson ’ s

r a t i o  c o r : p u t c ’d  fr o r :  t h e  ~‘a r -~~i n i d  s t r a : n s  a t - r e v  r a i l  w i t h  the  vo ’ u~~s

1V er n i n i d  I ron : i I I 1 I I I X I  t i  lv I o ,t d -d t r i t n o t o h e d  sia n I r :ten s - ‘I’he s t  Yen ,: th

i- l aud  i n n  r a t i o  wa s  p l o t t e a  v er s us  c r a c k  m o n t h  i n  F i r u n i -  ( i S .
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Figure 66. Failure Pattern in Uniaxiallv Loaded

Graphite/Epoxy Plate with 1.91 cm (0.75 in.)

Crack Illustrating Lack of Delamination

(Spec. No. 4-7).
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I

Experimental results agree w e l l  with predict ed curvc’s using, t h e

poin t stress and average stress cri teria using charact ’ .-rist i c

dimensions of d = 1 mm a nd  a = S riri for the t w o  cri’ u r i a
0 0

r e sp e c t i v e ly .  The d e f i n i t i o n s  of t h e s e  c r i t e r ia  ~or t h i ’  case of

a u n i a x i a l l v  loaded  n l ; i t e  w i t h  a cra ci-:  a re  l l u s t ra t  ed in

F i g u r e s  E C l  and 70 .  E xn e r i r :e nt i a l  r e s u l t s  as ‘-el i . as n r e d L c t  ~-d ones

based  on t h e  two c r i t e r i a  above a r e  a~.so n r e s o nt e d  i n  r / - r : r s

the c r i t i c a l  s t r e s s  i n t e n s i ty  f a c t o r  K 1_~ as a ~ur .c~~ion of c rack

l e n g t h  (F igu r e  7 1 ) .

One somewhat  surprising result is t h a t  ~he st r e n g t h

r e d u c t i o n  r a t i o s  f o r  sn e c i n e n s  w i t h  h o l e s  and c r a c k s  a re  not  too

d i f f e re n t  f r om  each o t h e r , i n d i c a t i ng  t h a t  the  st . r e n r t h  m ay  be

i n d ep e n d e nt  of t he  s t r e s s  c o n c e n t r a t i o n  in t h i s  case .  O n ly  the
s iz e  of t h e  d i s c o n t it i u i t v  seems to he of j m n o r ta n c e .  Combined

r e s u l ts  fo r  a l l  sp e c i r en s  w i t h  h o l es  and c r a c k s  a re  shown in

F ” i ’ ur e  7 2 .  ‘Ike c u r v e  f o r  t he  a v e r ag e  s t r e s s  c r i t e r i o n  f o r  c i r c u l a r

holes  w i t h  a = 3 . 5  :‘:ni seems to give  a ve ry  ro od  f i t .
0 -

S .  S~’~’)’~A 5 Y  ,-\N D ( - 1 ,~,~’5~ 0~~V

An exper imental s t u dy  was  c o n d u c t e d  of the  d e for mat i o n  and

f a i l u r e  o f  ‘ t n i a x i a l l v  l oaded  t 0 / + 4 5 / 9 0 1~~ graphite/epoxy plates

w i t h  ho le s  and c r a c k s  of v a r i o u s  s ir e s .  E xp e r i m e n t a l  methods

used  were  s t r a i n  r a te s , b i r e f r i n g e n t  coa tings a nd  mo i r e  g r i d s .

The n o t c h  s i z e s  ( h o l e  d i am e t e r  or c r ack  l e n g t h)  i n v e s t i g a t e d  were

2 . 5 4  cm ( 1 . 0 0  i n . ) ,  1. 111 cm ( 0 . 7 5  i n . ) ,  1 . 2 7  cri ( 0 . 5 0  i n , )  and

0 .64  c t a ( 0 .2 5  i n . ) .

The r i e a su r e d  s t ra i n  c o n c e n t r a t i o n  around the  h o l e  in t h e

l i n e a r  i an - r e ‘s’as in c lose  a gr e e m e n t  w i t h  the  t h e o r e t i c a l  v a l u e  of

3. A v a l u e  of 5 . 7 0  f o r  the s t r e s s  concentration at the  t i p  of the

crack  was measured  in one case  w i t h  a ph o t o e la s t i c  c o a t i n g .  St r a i n s

on and nea r  t h e  hole b o u n d a r y  become n o n l i n e a r  at  ~t s t r a i n  level

of r m n p r i -r.: m a t  el y 0. 006 c o r re s pon d in r  t o  i n i t ia l  f ai  lure  of the

09
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90-dec . p lies. The measured ultimate transverse strain of the

u n id i r e c t i o n a l  m a t e r i a l  is 0.0054. Strains near the crack tip

show two points of rate change at strain levels of 0.002 and

0. 010. The forme r co r responds  to the  strain at which the response
of the °0-deg. spectmen becomes nonlinear and the latter is equal

to the ultimate strain of the unnotched laminate. Naximum strains

measured on the hole boundary or near the crack tin at failure

have exceeded twice the ultima te strain of the unnotched laminate .

Failure initiation and propagation were vividly illustrated

~.iith photoelastic coatin ° fringe patterns , In the specimens with

c i r c u l a r  holes , recions of high strain concentration with non linear

rc-sponse d e v e l o p  at four characteristic locations 22 .5-deg. off

the horizontal axis. Failure initiates at these points where the

interlaminar and membrane shear stresses reach maximum values.

No clearcut crack e x t e n s i o n  was observed. A damage zone consisting

of ply subcracking and local delamination with occasional fiber

breakage developed at the tip of the crack . This zone propagated

at an angle to the crack of approximately 40-deg. It was found that
- 2the damage zone increases linearl y w i t h  K 1 up to a c e r t a i n  value

of K1, which does not vary much for the various crack lengths.

Thereafter , the damag,e zone increases linearl y again but at a faster

rate which is nearly the same for the various crack lengths . Final
failure occurs when the damage  zone  reaches some critical size .

The strength reduction ratio ranged between 0.40 and 0.64

for notch sizes between 2.54 cri (1.00 in.) and 0.64 cm (0.25 in.).

The experimental results obtained are in agreement with other

previously published data on graphite/epoxy , horon/enoxv and glass!
epoxy. The effect of notch size was satisfactorily described by

using the point stress or average stress criterion . The average
stress over a distance of 4 to 5 !mn from the notch seems to g i v e  the
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best fit. The strength r e d u c t i o n  for the cluasi-i sotropic laminate

s t u d i e d  was f o u n d  to be n e a r l y  i n d e p e n d e n t  of n o t c h  g e o m e t r y .

Specimens with holes and cracks of the same size had nearly the

same strength. This result is consistent with current findings

at the Air Force Materials Laboratory where it was shown that

for specimens with inclined cracks the main sU-nificant parameter

was the horizontal projection of the crack lenc’th (Reference 22).

In the case of holes at least , there is a c r i t i c a l  n o t c h  s i ze  below

which the laminate becomes notch insens itive , i.e., failure is

as like ly to occur through the hole as elsewhere. Local delamination

near  the no tch  t e n d s  to make the l a m i na t e  n o t c h - i n s e n s i t i v e. Lack

of i n i t i a l  d e l a m i n a t i o n  at  the n o t c h  m a k e s  t h e  l am i n a t e  n o t c h -

sensitive and results in lower stren rth.
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SECTION \T

BIAXIAL TESTS OF PLATES ~.TITH HOLES

1. SPECIMENS

The specimens were 8-ply [0/±45/90] plates 40 cm x

40 cm (16 in. x 16 in.). A variety of tab configuration s

were tried before a simple and effective one was selected.

In the final configuration selected corners of approximately

5 cm (2 in.) sides were cut off from the composite laminates.

They were then tabbed with 5-ply crossp ly glass/epoxy tab s

with the outer fibers at +45-deg. and -45-deg. wi th the 0-deg.

graphite plies. These tabs had a circular cutout at the center

of 20.3 cm (8 in.) diameter. A sketch of this specimen is

shown in Figure 73. Central circular holes were drilled in

the specimens with diamond core drills. Four hole diameters ,

2.54 cm (1.00 in.), 1.91 cm (0.75 in.), 1.27 cm (0.50 in.) and

0.64 cm (0.25 in.), were investigated. Two specimens were tested

for each hole diam eter.

2. STRAIN MEASUREMENT

Deformations and strains were measured using strain gages

and birefringent coatings. Strain gages were mounted on the

hole boundary , near it and in the far-field along the horizontal

(x-) and vertical (y-) axes of symm etr y . In most cases

biretringent coatings 0.5 rim (0.02 in.) and 1 mm (0.04 in.) thick
were u’~ed on one side of the specimen.

3. LOAD ING AND DATA RECORDING

Four 0.95 cm (0.375 in.) diameter holes were provided on

each side of the tabbed specimen for bolting individual pairs

c )t metal grips approximatel y 5 cm (2 in.) wide and 10 cm (4 in.)

long . Loading was introduced by means of four whiffle-tree grip
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I i  n k a ye s  J e si  r u e d  t o  I n s ur e  h a t  f o u r  eu u a l  loads were  applied

to ea ch  s i  d0 of the  snec  i - r e m .  A ohotog, r ap h of a b i a x i a l
5pc cimt~n w f  t h  t h e  1 o a d i i i r , g r i p  l i n ka c e s  i s  shown in Figure 74 .

Load w a s  ap~~l j e d  hv  I re an s  o f  two p a i r s  of hy d r a u l i c
j a c k s  a t t a c h e d  to  t h ~ f o u r  s i d e s  of  a r e a ct i o n  f rame . The

wa s  t r a zsr ’ i tt ed f r o m  the  h v d r a u l  ic cy l i n d e r s  to the grip
l in t ages  th r o u h c v l it u l r i c a l  rods g o i n g  through the bore of

lw-se  c v i  i n d e r s .  The ro d s  we-re ins t r u me n t e d  wi t h  s t r a i n  gages
an.d c a l i b r a t e d  in a t c st in g .  mach  i nc  to e s t a b l i s h  the e x a c t
r c - i a t  [ o n s h i m  b e t  - - r e m  loads  and  S t  r a i n  age  si~-n a l s .  These s t r a i n
g a g e  rc --idings were used s ub se c ucr  t lv b o t h  for  r ecord ing  the
e:-~r I C t  t oads  app l ied to the sp ec im e n and as feedback  s igna ls
t~ -r  c o nt r o l l ii ir  the  p r e s su r e s  by means  of the  s e rvohvdraul i c
S s t e m  u sed .  A s p e c i a l  f i x t u r e  ~~~ used to h e l p  a l ign  the spec imen
in he I r i - i l u g  f r a m e . F i r u r c  75 shows a b i a x i a l  specimen w i t h
t h e  a l  L r n r - e n r  f i x t u r e  m o u n t e d  in t h e  l o a d i n g  f r ame . The servo -
h y d r a u l i c  pr e s s u r e  cont  r o l  inst  rnr~em t  a tion  is shown in Figure 76 .

Th e  ~uec i n c u s  ‘- ‘ e t c  l o a d e d  in i n c r e m e n t s  under equa l  b i ax i a l
t e m s i  on.  At  e a ch  load  l e v e l  s t r a i n s  and loads were  reco r ded w i t h
a d i g i t a l  da ta  a c q u i s i t i o n  s y s t e m  and p h ot o e l a s t i c  f r i n g e s
re c o r d e d  p h o t  o g r ap h i  c a l l v , The l o a d i n g  f r a m e  w i t h  the  specimen
and t he  associated strain recordinr i n s t r u m e n t a t i o n  is shown in
F ) : : ir c  7 7 .  F igu re  78 show s  the orocess of recording photoelastic

f r i n ~- i ’  p a tt e r n s .

RE$PLTS

Preliminary t e s t i n g  was  c o n d u c t e d  to check the u n if o rm i ty

of  th biaxial str ess around the hole and to arrive at a simp le
h i t  e~~fec~~ive t a b  confi guration . T e s t s  wi th a Col umbia R esin
(CR-3~ ) transparent model indicated the presence of high stress

concentrati ons at the corner radii and the roots of the slits in
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the original specimen configuration . As a result of this ,

the corner radi i  and s l i t s  were abandoned in suhsectuen t
t e s t s  wi th  composite sp ecimens . The uniformity of the state
of s t ress  ar oun d the hole was checked with an actual composite
specimen instrumented with a photoelastic coating and strain

gages.  Isochromatic  f r inge pa t t e rns  aroun d the hole i n i t i a l l y
were c i r cu l a r  and concentric indicating an axisvmmetric state

of stress for equa l biaxial loading . A plot of the hire-

f r ingence  as a f unction of rad ia l  d i s t ance r f r om the center
of the hole showed tha t  it varied in propor t ion to 1/r2 ,

ind ica t ing  a hy d r o s t a t i c  s ta te  of s t r e s s .

To de termine the nor tion of the app lied load introduced

in the central section of the specimen a theoretical strain

distribution curve was matched to experimental data points

obtained in the linear range (Figure 79). The radial and

tangential strains around a hole in an isotrop ic material under

a hydrostatic state of stress a
~ 

are :

= ~~ [ (1- -:) + (1+v) (a)2]

= ° [ ( l- v )  - (1+ ) (a)2J

where a is the radius of the hole and r the radial distance.

Values of E = 55 CPa (8 x 10 6 osi)  and ~ = 0.30 obtained for the

[0/±45/90J~ graphite/enoxy lam inate were used in the relations

above .

Specimen N o .  6-7 had a 2.54 cm (1 in.) diameter hole and

was instrumented with strain gages and a 1.12 mm (0.044 in.) thick

photoelastic coating (Figure 80). Strains near the bole boundary

and in the far-field are plotted in Figures SI and 82 as a

function of effective far-field biaxial stress. Strains on the

hole boundary are linear up to an apolied stress of anproximatelv

138 MPa (20 ksi). The strains on the horizontal diameter measured
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w i t h  miniature gages located b r  th e “ost part on the sectioned
Q O - J e r .  p l i e s  anpea r  to be not iceahlv hi - h e r  t h a n  t h e  s t r a i n s  or.
the vertical diameter. The l a t t e r  u-o re measured with miniature

s t r ai n  gages situated on continuous 9 0-d e g .  f i b e r s  in the  m i d d l e
of the laminate, These pares are 0 3 S  rtm (0.015 in.) l ong  and

0 .5 1  mm (0.020 in.) wide and they record the deformation of the
m iddle four plies of the laminate when mounted on t h e  curved
boundary of the hole. Isochromatic fringe pattern s around the

hole for three levels of loading are shown in F i r u r e  83, The
pattern initiall y consists of nearly concentric circular fringes

but at higher loads birefringence concentration appears at eight

characteristic points on the hole boundary . These points are at

ang les of 22.5 deg. with all fiber directions. In some cases

these locations of fringe concentration shift toward the 45-deg .

loca t ion  dur ing f r a c t u r e  i n i t i a t i o n . The birefringence variation

w i t h  load at two ty p i c a l  charact eristic locations on the hole

boundary, at 0-deg. and 22 5-deg . - , is  n l ot t e d  in F igure  84. At l ’oth
loca t ions  the f r i n g e  order , hence  c i r c u m f e r e n t i a l  s t r a i n , is
the same and varies linearly un to an applied stress of approximately

193 flPa (28 ksi). T h e r e a f t e r , t he  s t r a i n  a t  the critical 22 .5- deg.

points increases at an increased rate w h i l e  at the same tine strains

at the 0-deg . and 90-deg. location s show an unloading effect.

This effect was also detected by the strain gages at these

locations. This phenomenon is also visualized nhvsicallv as the

reg ions  around the 0-deg. and 90-Jeg . points become more isolated

from load -in t roduct ion  due to the progressive d a m t t e  in the

adjacent 22.5-deg. and 67.5-deg. regions. The specimen failed
-it an app lied biaxial stress of 293 PPa (/s2 .5 ksi). Failure

initiated at two points 22 .5-deg. off the horizontal axis

(Figure 85)

Specime n No.  6-8 w i t h  a 2 .5/i cm ( 1 i n . )  d i a m e t e r  hole
was a rep l i c a t e  of ~o . 6-7 above . I t  was instrumented wi th

strain gages and a 1.1? mm (0.0/.4 in . )  t h i c k  nh t ’ t i ’e l a s t i c  c o a t i n g .
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The v a r i a t i o n  of s t r a i n s  w i t h  e f f e c t i v e  f a r - f i e l d  b i a x i a l  st r e s s
is sh c~ m in F igures  86 and 87.  The s t r a i n s  on the boundary  of
the  ~io1e are  l inea r  up to an app l i ed  s t r e s s  of 119 MPa (17 k s i )
on the y-axis and up to a stress of 179 NPa (26 ksi) on the x-

axis. Far-field strains are linear up to an applied stress of

a p p r o x i m a t e ly  207 MPa (30 k si) . I s o c h r oma t i c  fringe pattern s in
the  ph o t o e l a s t i c  c o a t i n g  around the hole were s imi la r  to those
ob served prev iously with the characteristic fringe concentrations
at the 22.5-deg . locations. The variation of fringe order and

circumfe rential strain with effective stress at the 0-deg . and

2 2 . 5 - de c  location s is shown in F igure  88. At  the 0-dept . l o ca t i on

the fringe order varies nearly linear ly to failure. At the 22.5-

deg. location the fringe variation becomes nonlinear at an apnlied

s t r e s s  of a p p r o x i m a t e ly  124 i’lPa (18 k s i ) .  The specimen f a i l e d
at an app l ied b i a x i a l  s t r e s s  of 258 MPa ( 3 7 . 4  k s i ) .  Fa i l u r e
i n i t i a t e d  at  two p o in t s  on the hole bounda ry  at  two l o c a t i o n s
a p p r o x i m a t e ly 2 2 . 5 - d e g .  o f f  the vertical axis (Figure 89). This

p a r t i c u l a r  mode m~~y be r e l a t e d  to the  f a c t  t h a t  in t h i s  case the
ou te r  f i b e r s  of the l a m i n a t e  were  o r i e n t e d  in the  h o r i z o n t a l
d i r e c t i o n .

Specimen No.  6 -6  had a 1.91 cm ( 0 . 7 5  i n .)  d i ame te r  hole
and was i n s t r u m e n t e d  w i t h  strain gages and a 1.12 mm ( 0 . 0 4 4  i n . )
t h i c k  ph o t o ela s t i c  c o a t i n g . I t  was tabbed w i t h  g l a s s / e p o x y  tabs
as shown in Fi gure 90.  S t r a i n s  near  t he  hole boundary  and in the
f a r - f i e l d  are p l o t t e d  in F i gu r e s  91 and 92 as a f u n c t i o n  of

e f f e c t i v e  f a r - f i e l d  s t r e s s .  S t r a i n s  on the boundary  of the  hole

are l i n e a r  up to an app l ied  s t r e s s  of a p p r o x i m a t e ly  131 MPa
(19 k s i ) .  I s o chr o m at i c  fringe Pattern s in the mhotoelastic coating

aroun d the  hole  for  s ix  levels  of app l i ed  b i a x i a l  s t r e s s  are shown

in F igu re  93. The characteristic buildup of fringes occurs at

points approximatel y 25-deg . off the horizontal and vertical

a x e s .  F a i l u r e  i n i t i a t i o n  and propagation is d early seen at these

p o i n t s .  As f a i l u r e  prog re s se s  the p o i n t s  of s t r a i n  c o n c e n t r a t i o n

122
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Figu re  90.  B i ax ia l  Sp ecimen No.  6-6 wi th  1.91 cm (0 .75  i n . )
Diam eter Hole
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Sh I t ~~ t ow a r d s  t h e  4 5 - J o g .  i o c a t i o n s , pos s ib l y due to the influence

he J e l am i n a t  m e  -~ 5- Jee - ol i e s  - The v a r i a t i o n  of f r i n g e  order
a n d ci C- L-u r  e r c n t t a l  s t r a i n  a t  the  t ye c h a ra c t e r i s t i c  l o c at i o n s  on
t h e  boundary  o f the hole is shown in F igu re  94 .  The f r inge
v a r i a t i o n  at the characteristic off-axis locations becomes non-

l i n e a r  a t  a s t r e s s  of a p p r o x i m a t e ly  131 MP a (19 k s i ) .  The
rma x imun  measured strain at the location of failure was aporoximatelv

19 x ~~~~~ Fa i lu re  in the form of c r a c k i n g  and delami na t i on
initiated at three locations on the hole boundary , approximately

30-deg. off the horizontal end vertical axes (Fieurc 95). The

specimen failed at an anrilied biaxial stress of 299 MPa (43 ksi).

Specimen No. 6-9 had a 1. 01 CC ( 0 . 7 5  i n , )  d i a m e t e r  hole

and was instrumented with strain cn: ’. es and a 1.12 mm ( 0 , 0 4 4  i n . )
thick p h o t o e l a s t i c  coatin g . S t r a i n s  along the h o r i z o n t a l  and
vertical axes are ~p1otted in Figures °E and 9 as a function of

e f f e c t i v e  f a r - f i e l d  b i a x ia l  stress. S t r a i n s  on the boundary of

the hole are l inea r  up to an app lied stress of 145 NPa ( 21 k s i ) .
Fir-field strains are linear up to an anp l ied s t r e s s  of amproxi-
matelv 207 lWa (30 ksi). The snecimen failed at an applied biaxial

stress of 261 MPa (38 ksi). Failure initiated at two points on

the hole boundary at two locat:ions anproximatelv 22.5-deg . off

the horizontal axis (Figure 8). In this case the laminate was

o r i e n t e d  w i t h  the outer 1ibers in t h e  ‘- er t i c a l  d i r e c t i o n .

Specimen No . 6-10 h:m d a 1.27 cm (0 .50  in.) diameter hole

and wa s i n s t r u m e n t e d  with s t r a i n  v m i e e s  and a 0 , 5 1  ma’ (0 , 020 i n . )
t h i c k  pho t oe l a s t i c  c o a t i ng .  S t r a i n s  a lont  the  h o r i z o n t a l  and
v e r t i c a l  axes arc ’ n i o t t e d  in F i . - - m r e ~ °° and 100 as a f u n c t i o n  of
effecti ve f ar - f i e l d  h i ’ : ix i a l  s t re s s  S t ra i n s  on the  bounda r y o f
t h e  hole h~~r- onm c’ n o n l i n ea r  C i t  C O  an a l  i e d stress of 145 ~JPa (21 ks i)
on the horizontal axi s a n d  a stress of 07 ~JP a (14 k s i )  on the
v e rtical a x i s .  F a r - f i e l d  s ’ m n i n s  ar c  l i n e a r  up t o  an app l i ed

1 3 2
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st r e s s  of  : p rox irmat -lv 2~~-’+ -Ta (31 k s i ) .  The spec imen f a i l e d
at  an -m ph  ed bi -mxial si ness o~ 512 ~ lhi (L’-5 .2  l-:si) . F a i l u r e

Hi  t~t - - t t e d  a t  two po in s o f f  H e  h o r i z o n t a l  ax is  (F igure  101)

in t h i s  ca se  a l s o  t h c  ou t er  Ii h c rs  i n  th e  l amina t e  were
o i en ed along t h e  ver  i c al  d i r e c t i o n.

Spec i :e~- m t  ~o .  i - - i l  h ad  a 1 ‘7 cm (0 .50  i n . )  d i amete r  hole
and wa s  i n s t r u m e n t e d  w i t h  s t r a i n  ~aee s  and a 0 .51  mm ( 0 . 0 2 0  i n . ) -

t h i ck  n h e t o e l a s ti c  c o a t in . - The v a r i a t i o n  of s t r a i n s  w i t h
e f f e c t i v e  f :m r -I i e J Ll h i a x ia ~ s t r e s s  is shown in Figures  102 and 103.
The s t r a i n s  on t h e  boundary of  the  hole are l inear  up to an
anp lied s t r e s s  of 110 ‘Ta ( 10 k s i ) .  F a r - f i e l d  s t r a i n s  are l inear
up to an u p o l  ted s ’ r ess  of e p nr o x i m r at e l v  260 MPa (38 k st )
I~~~ch r e m nt i c  f r in g e  p at  t e r n s  in the  nh ot o e l a s  t i c  coa t ing  aroun d
t h e -  h o l e  were  s i  n i  1.-in to t h o se  obse rved  p r e v i o u s l y  w i t h  the

ch a r a c t e r i s t i c  fr i n g c -  c o n c e nt r a t i o n s at  the  2 2 . 5 - d e g .  l o c a t i o n s .
The van a t  ion of In n -c order  an d  c i r c um f e r e n t i a l  s t r a in  wi th
e f f e c t i v e  s t r e s s  at t h e  0 - J e g .  and 22 . 5 - - d e g .  l o ca t i ons  is shown

in F i . -u r e  104 . . -\t the  0 - d e g .  l o c a t i o n  the f r i n g e  order  var ies
l i n e a r ly  on to an a ; i p l i e d  s t r e s s  of 27 6 ~~~~~~ (40  k s i )  . At the

2 2 . 5 - d e g .  l o c a t io n  t h e  I r in m ’e  v ar i a t i o n  becomes nonl inear  at an

a p p l i e d  s t r e s s  of anproxinately 240 ~iP ,-.m (35 k s i ) .  The specimen

f a i le d  a t  ;ir . .- t n n l i e d  b i a u i a l  s t r e ss  of 328 MPa ( 4 7 . 5  k s i )  . Fa i lure

i n i ti a t e d  at tw o  p o i nt s  en the  ho l e  boundary  at two loca t ions
;m n p r o x i n a t e ’lv 22 5-dee . . o f f  t he  v e r t i c a l  and h o r i z o n t a l  axes

( F i g u r e  105)

S p e - c i m € - n  ‘- o . ~- - l 5  had  a 0 . 0/ k cm ( 0 . 2 5  i n . )  diameter  hole
and was i n si  n i m n i u n t . ed wi th s t ra i n  n a g e s  and  a 0 .51  aim ( 0 .0 2 0  i n . )
t h i c k  p h r ~t e c l n s t i e  c o a t in g .  S t r a i n s  a long  the  h o r i z o n t a l  and

v en t  ical  a ;<es ar e  p l o t  ed i n  f-’ i e t i r c s  101 and 107 as a f u n c t i o n

of  e f f t - c t i - .e f a r - f ie l d  b i a x i a l  st r e s s .  St r a i n s  on the boundary of

the  ho l e  ar e  l i n ea r  up t o  an  -ipp l i e d  s~~res,s of 104 MPa (15 k s i)
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Far-field strains are linear up to an applied stress of at least

145 MPa (21 ksi). Isochromatic fringe pattern s in the photo-

e l a s t i c  coa t ing  aroun d the ho le  were anal yzed as before . The

va r i a t i on  of f r i n g e  order and circumferential strain with effective

s t r e s s  at the two c h a r a c t e r i s t i c  l o c a t i o n s  is shown in Figure  108 .
At the 0-degree  l o c a t i o n  the  f r i n g e  order  va r i e s  l i n e a r ly up to
a s t r ess  of 269 ~-1P i (39 k s i ) . At  the  22 .5—deg . location the

f r i n g e  v a r i a t i o n  becom es  n o n l i n e a r  at  an a p p l i e d  s t r e s s  of
approxima tel y 2 00 NPa (2 0 l~si). The specimen failed at an applied

biaxial stress of 383 YPn (55.5 ksi) . F a i l u r e  ini t ia ted a t four
po in t s  on the hole bounda ry  at l oca t i ons  approximately 22.5-deg.
o f f  the ve r t i c a l  ax is  (Fi gure 109) .

Specimen N o .  6 -2 2  had a 0 . 6 4  cm ( 0 . 2 5  i n . )  d i ame te r  hole
and was i n s t r u m e n t e d  w i t h  s t r a i n  gages and a 0 . 5 1  rrri ( 0 . 020 i n . )

th ick  ph o t o e l a s t i c  c o a t i n g .  The v a r i a t i o n  of s t r a i n s  w i t h
effec tive far-field biaxial stress is shown in Figures  110 and
ill. Strains on the boundary of the hole are linear up to an

applied stress of approximatel y 97 ~Pa (14 i’si). Far-field strains

are l inear up to an app lied stre ss of appr oxima tely 207 MPa
(30 ksi). Isochromatic fringe patterns in the photoelastic

coat ing aroun d the  hole were similar to those observed previously .

The va r i a t ion  af f r i n g e  order and circumferential strain with
e f f e c t i v e  s t ress  at the 0 -deg .  and 22.5-deg . locations is shown

in Figure  112. At t he  0 - d eg .  loca tion the f r inge  order var ies
l inearly up to an applied stress of approximately 276 ~Pa (40 ksi).
A t the 22.5-deg . location the fringe variation become s nonlinear

at a stress of approximately 214 ‘-IPa (31 ksi). The snecimen

failed at an applied biaxial stress of 34 0 NPa ( 5 0 . 6  k s i) .  Fa i lu re

initiated at two po in t s  on the hole boundary  at locations

approximate ly 2 2 . 5 - d eg .  o f f  the h o r i z o n t a l  a~~is (Pigure 113).

148

S 
- - 

•I
• -

- —- - 5- -5— - - 5 - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . - - - ---~~~~~~~~ ---- ~~~~~~~ --~~~~~~~~~~~~~~~~ —-~~~~~~~ -~~~~~~~



- - - _

6 0 —
- 400

—o— O = 0
0
, 90

0

I 

~~ = 2 2 : ~~~~~~~~~ 

- 300

“ 3 0 — 
_ _ _ _ _ _ _ _ _ _ _ - 200 ‘C

b /
7’ y

8

/ cryy

/ F R I N G E  ORDER ,n

( 2 4 6 8
0 I I 0
0 ~0 15 3 20 25

STRAIN , 10 ~

Figure 108. Fringe Order and Circurferential Strain at Two Locations

on the Hole Bound a ry for rO /±45/9O ) 5 Graphite/E p oxy

Specimen with 0.64 cm (0.25 in.) Diameter Hole Under

Equal  Biaxial  Loading (S pec. No. 6-15).

149

- 
•‘

-‘--
~
----- .—. -

• 
. 

..
. .

- -5—- — -_ .5 .5— - 5-- -~~~~~~ - --- — -. 5- - -- .-- - -- ---_- -— . - - -----— - --_.-- -- — ------— 
-



r - - -5--

Al1#~~ 

S 

, 

• .

\

/
- 

~~~~~~ -

Figure 109. Failure Pattern in [0/+45/901~ Graphite/Epoxy Specimen

with 0.64 cm (0.25 in .) Diameter Hole Under Equal

Biaxial Loadin~! (Spec . N c .  h-iS ).

150



---- ---—--- 5-5-. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - - - 5- --5- . -- — - -.5 . -- - -

60 -

- 400

50 -

- 300

~~ 
4 0 -

U) 0
-~~

>5

30 - 

x/O 

- 200

—o.— € Y, ( .00

“~ 20 
~~~~~y I.48
—9— En, 2.12
..O E y~ 25 - 10025

10 -

0 1 I
0 2 4 6 8 (0 2

STRAIN 10 €

Figure 110. S t r a i ns on H o r i ~ ’°n ~~a1 ,‘- x i ~~ of 101
~~~~

’901
~ 

Graphite !

Epoxy ~~‘ -~~r-v n w i t O  O f - ’. cm (0.25 in.) Diameter Hole
l ’ n d & - r  l-~i i , i l Biaxi al T . -’ - id in f ’ (Snec. No. 6—22).

1 r.~ 1



- - - - - 5 - -  - - 5 - - - -. - - .5- —-.- -~~~~~~~~~~~~~~~~

p

\ (Dd~~~
A
~~~~

x
~~~ SS38jS 

~~~~~:

0 o C ’ J  - —
~~ _ _ It) I~) 4-~~C
>5 (‘~. J ç s J

‘C )C X >’~M J W W~~u

-

~4
- ~~~~~

I— “-- c
U) 0 -

CI)~~~.~..4
x c

‘—4 1-.
c~~ G)
(-) 4 J

i~’

i: F
(!SU ’~ ko 

...XX~ ‘ ss~~eu.s

152

- .~ ..... 
- 

.
. —. 

- 

- - . . — 
.- ._~f r

L — -5 -  _ _ _  —.5-— -~~~~~-5 _ _



r - - -

60-
-400

~_ o _ 9 s O
0
, 90°

—b— e =22 5° 67.5°
50-

0

4O~
0I,)

>5
>5 J
b ~~ - - 200

M/ 
_20 

O
X,(
4 c!!5 ~

-tOO

(0-

/
/ FRINGE ORDER , fl

0’ 1~~~~0 5 10 (5
STRA IN ,103E

Figure 112, Fringe Order and Circumferential Strain at Two Locations

on the Hole Boundary for [0/+45/9O]~ Graphite/Epoxy
Specimen with 0.64 cm (0.25 in.) Diameter Hole Under
Equal Biaxial Loading (Spec. No. 6-22).

153

I • 
•_ 

. 

.- 
- . 

. -.

.5. 
— -- -5----- - 

-5- ----- .— —-  - A



- . 5 .

41 - : .

. . S S

-~i c u r e  113. F a i l u r e  P a t t e r n  in [O / + 4 5 / 9 0 }  Gr ap hj t e / g p ( ~xv Spec i r ’ t-n
w i t h  0. 64 cm ( 0 . 2 S  i n . )  D i a m e t e r  Ho le  Under  E qu a l Bi ~~’H
Loadin~ (Spec. N o .  6 - 2 2 ) .

156

.5



__  - - - — -5— -- --5

5. EFFECT OF HOLE DIAMETER

Results for all specimens with holes loaded under equal

biaxial tension are summarized in Table VII. The last column

in this table shows the strength reduction ratio , i.e. , the
ratio of the stress at failure of the biaxial specimen to that

of the unnotched uniaxial specimen . Additional testing of uni-

axial unnotched specimens from the same batch of material used

for the biaxial specimens gave an unnotched uniaxial strength

of S
0 

= (-‘83 HPa (70 ksi). Measured peak strains at failure reach

values up to twice the uniaxial ultimate strain of the unnotched

laminate.

The strength reduction ratio is plotted versus hole radius

in Figure 114 where it is compared with the same ratio for

uniaxially loaded plates with holes. The strength reduction ratio

for biaxial loading exceeds that for uniaxial loading by

approximately 30 percent. The average stress criterion , extended

to a biaxial state of stress , was used to exp lain and predic t

the effect of hole diameter on the strength reduction ratio. The

state of stress around the hole in an isotronic plate under equal

biaxial loading c~~ is given by

a 2
°rr = [1 — 

~~~

°ee = [1 + (a)2}

where
a , c = radial and circumferential stresses
rr 00

a = hole radius

r = radial distance to point

These stresses averaged over an annulus between r = a and

r a + a are
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- and = c h a r a c t e r i s t i c  d ir i ens ion . Accord ing  to

~~ u h i , :~’ :~ I stress failure criterion , f a i l u r e  oc curs  ‘‘hen the
sta te 0c s t r e s s  ‘

~ 
- T . f a l l s  on the  b i a x i a l  f a i l u r e  enveb one

he i .-n :ina t e . The exact-  s t r e net h  envelope for  the  l a m i n a t e

e s t e d  i s  n o t  av a i l a b l e  - An envebonc s im i l a r  to t h a t  given by

~ am d hu  (Re  f e ren c e  2 3) fo r  a [ 0 1± 4 5 / 90 ]  l a m i n a t e  was a s sumed .
t ieo r e t i c a l  ~t s u ~~t s  t h u s  o b t ain e d  fo r  a c h a r a c t e r i s t i c  d imens ion

:1 = 3 nr- a re  in coed a g r e em e n t  w i t h  e x n e ri me n t a l  r e s u l t s
( f - ’itu r e  11. 5~ -

P - ~~UN2 ’:A R Y  AN N CON CL N S IONS

An e x n v rj p i c ’n t a l  s t u dy  wa s  c o n d u c t e d  of the d e f o r m a t i o n  and

t a i l u r e  of  [0~’± 45 ’”) 0 I ~ g r a o h i t e / e n o x v  p l a t e s  w i t h  ho les  loaded

under  e nu a l  b i a x i a l  t e n s i o n . H o l e  d i a m e t e r s  i nv e s ti  c~at ed  were

2 . 5/ cr :  ( 1 . 0 0  i n . ) .  1. 0 1 Cr : ( 0 . 7 5  i n . ) .  1. 27 cm (9 .50  i n . )  and
nr :  (0 . 2 5  i n . ) .  St r a i n  ~ a~’es and  b i r e f r i n g e nt  c oa t i n g s  were

used  fo r  st~~nj n  meas re-rlen t -

S t r a i n s  on t h e  b o u n d a ry  e t  t f e  h o l e  become n o n l i n e a r  a t

ap n l i-d st r e ss e s  of  = ~~,. 120 ~‘}‘a ( 1 7 . 5  h s i )  co r r e sp ond ing

a s rain h - c t - i  o f  a p t ) r o x l m : l t e l v  4 x 10 ~~. Th is  is the  s t r a i n
l e r l  at  w h i c h  t h e  r e s p o nse  of t he  u n i a x ia l  u n n o t ch e d  sneci mens
b e com e s  n . m  i i  ‘ear  - I n i t i  a l iv , the c i r c u m f e r e n t i a l  s t r a i n  around

he bo u n d a r y  of t h e  h o l e  is u n i f o r m . Su b s eou e n t ly , w i t h  i n c r e a s i n g

1 - a d . r( ’ :’ i I’  s - t  h i  n. h s r , - c i n  c o n c e n t r a t i o n  c- .’i t  1: n o n l i n e a r  response

d I ’ ’ ) ’ lnp  .c ~ e l i - h i  cH -t r : t c ’ t - r  ist ic  l o c at i  OflS 2 2 .  5 — d e g .  o f f  the f i b e r

N xj t ’ uT- : strains at  f a i l u r e  on t he  hole b oun d a r~.’ re ach \-‘alu es
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un to approximately twice the uniaxial ultimate strain of the

u n n ot c h e d  l a m i n a t e .  F a i l u r e  i n i t i a t e s  on the hole  boun dary
a t  points 2 2 . 5 - d c . o f f  the  h o r i z o n t a l  and v e r t i c a l  axes .

The s t r e n g t h  reduc t ion  r a t i o  of n o t c h e d  b i ax i a l  to
u n n o t c h e d  u nia x i a l  s t r e n g t h  ranges be tween  0 . 5 6  and 0 . 7 6  for

holes between 2.54 cm (1 in . )  and 0 . 6 4  cm ( 0 . 2 5  i n .)  in
diameter , These ratios are higher than  c o r r e sp o n d i n g  values
i~ei u ni ax i a l  loading by approx imate ly  30 percent. The variation

of s t r e nc t h  r educ t i on  r a t i o  w i t h  hole diameter  was s a t i s f a c t o r i ly
desc r ibed  b y us ing  an average  b i a x i a l  stress c r i t e r ion . Radia l
and c i rcum f e r e n t i a l  s t resses  around the hole were averaged ove r

an annu lus  of 3 mm w i d t h  and compared wi th  the  b i ax i a l  s t r e n g t h
envelope for  the q u a s i - i s o t r o pic l a m i n a t e .

The s t r e n g t h  r educ t i on  ra t ios  for  u nia x i a l  and equal
t e n s i l e  b i a x i a l  loading represent lower and upper bounds for
any tensile loading of this laminate. The strength reduction for

any other tensile biaxialitv ratio would fall between these two

e x t r e m e s .  In des ign , one can ob ta in  approx ima te  values  by

i n t e r p o l a t i o n  or use values for  un iax ia l  load ing  for  a conservat ive

design.
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SECTI ON VI

BIAXIAL TESTS OF PLATES i.~ITH CRACKS

1. SPECIMENS

The specimens were 8-p ly [0/±45/90] plates 40 cm >: 40 cm

(16 in. x 16 in.) with the 0-deg. fibers at 30-deg . with the

sides of the plate. They were tabbed with 5-ply crossp lv glass!

epoxy tabs with the outer fibers narallel to one side of the

pla te , or at 30-deg. with the outer grap hite plies. These tabs

had a circular cutout at the center of 20.3 cm (8 in.) diameter.

Cracks were machined ultrasonically in the cen ter of these
specimens. The crack geometry was the same as in the uni ixinl

specimen s (Fi gure 20). The crack was oriented normally to the

outer fibers of the laminate , i.e., i t was inc l i ned  at 1 0- d e c .  and
60-deg. with the sides of the specimen (Figure li~~). Fo’i r cr ac-’

lengths were investiga ted , 2.54 cm (1.09 in.) . 1. 01 cr’ (0. 75 in.),

1.27 cm (0.50 in.) and 0.64 cm (0.25 in.). T’~-io specir.e”s -: i~-

tested for each crack length .

2. STRAIN MEASUREMENT

Deformations and strains were measured using strain n-c- - es .

b i r e f r i n g e nt coa t ings  and moire g r i d s .  M i n i a t u r e  sin ~’le c:n ,: -es

and r o s e t t e s  were mounted near the crack t i ps a long  l in e s
perpendicular to the crack axis. Additional two- and three-rage

rosettes were mounted along the horizontal (x-) and vertical (v-)

axes of loading away from the crack . A typ ical gag e layou t i s
shown in Figure 117. In most cases a birefrinment coating 0 . 2 5 mm

(0.01 in.) thick was used around the crack . In some cases moire

grids consisting of arrays of 400 lines ncr cm (1000 lines ner

inch) parallel and normal to the crack were applied to the snecimen
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Gage No. Location Type
rnm (in)

1 x1 = 0.7E (0.03) EA-06-O15DJ-120
2 x 1 = 2.54 (0.10) EA-06-O3IDE-120
3 x~ = 5.08 (0.20) EA-06-O3IDE-120
4 x~ = 1. 7 8  ( 0 . 0 7 )  W A - 0 6 - O 3 O W R - l 2 0
5 x~ = 7.11 ( 0 . 2 8 )  WA- 0 6 -O 3 OW T -120
6 x = 38.1  ( 1 . 5 0 )  EA-06-062RB-120
7 y = 38.1 (1 .50 )  E A - 0 6 - 0 6 2 R B - l 2 0
8* x = 38.1 ( 1 .5 0)  EA-06-O62TT- 120
9* y = 38.1 ( 1 . 5 0 )  EA-06--062TT-l20

10 , 12* x = 7 6 . 2  ( 3 . 0 0 )  EA-06- 125TM - 120
11 , 13* = 76.2 ~~~.00) EA-06--125TN-120

*On opposite side of p late

Figure 117. Typical Gage Layout for Biaxially Loaded Specimens

with Cracks.
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3. LOAD FN G AND DATA RECORD ING

The specimens were loaded in the  same loading f ram e as

those w i t h  holes. They were loaded in b i ax i a l  t ens ion  w i t h  the
s t r e s s  at  30-deg .  to the crack tw ice  as large as the s t re ss at
60-deg . to the crack . The e f f e c t i v e  s t r e s s  and the exact biaxialitv
r a t i o  in the t e s t  sec t ion  of the  specimen were con t rol l ed  and
de te rmined  from the f a r - f i e l d  s t r a i n s . For the q ua s i - i s o t r o p i c

l a m i n a t e  in a u e s t i o n  the  r a t i o  of f a r - f i e l d  s t r a i n s  is enu a l  to

vv 1 — k ..
1-: —

xx

where k = —
~~~~~

- - The e f f e c t i v e  s t r e s s  a is d e t e r m in e d  from the- . \Tv
vv - -

expression - -

E- vvo =
vv 1 - kv

Values of the modulus and Poisson ’s ratio of the laminate in the

di rec t ion  of the app l i ed  loads were de termined exp er imen ta l ly .

For the des i red  b i ax i a l i t v  k = 0 . 5  the requ i red  s t r a i n  ratio
is

-~~~~~~~ 3 .9 1
xx

The ra t io of app lied loads was adiusted until the desired strain
ra t io  was obta ined.  Thereaf te r , the load ratio was kept constant

for the rest of the test.

The loads were applied in increments , the strain gages

were recorded -it ever” increment with the digital data acquisition

svsteni and photoelastic and moire fringes were photographed.
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4.  RESULTS

Sp ecimen No.  6-12 had a 2 . 54 crc ’ (1 .00  i n . )  long crack
and was i n s t r u m e n t e d  with  s t r a in  gages and 400 lines/cm (1000

li n e s / i n . )  moire  grids near the crack . A closeup of the gage

layout around the crack is sho~m in Figure 118. The tabbed and
instrumented specimen is shown in Figure  119. S t ra ins  in the
v i c i n i ty  of the cra ck t i p and along the hor i zon ta l  and ve r t i ca l
axes of the specimen are p lo t t ed  as a f u n c t i o n  o f effective

ver t i ca l stress  in Fi gures 120 and 121. In Fi gure 120 the gage s
nearest the crack tip do not read the highest strain initially

because of their orientation . However , as the load is increased

the dar.age (or crack) grows in the direction n orma l to the crack
and these  s t r a i n s  inc rease  at  a rapid r a t e  and over take  the

strains farther from the crack . The strain near the crack tin
(gage 1 in Figure 120) at a d i s tance  of 0 . 7 6  mm ( 0 . 0 3  i n . )  from
the tip is l inear  up to an appl ied ver t ica l  s t ress  of approximate l y
76 NPa ( 1l  k s i) .  The three gages near the crack t ip , gages 1,
2 and 3 in Fi gure 120 at d i s tances  0 . 7 6  mm ( 0 . 0 3  i n . ) ,  2 . 5 4  mm
(0 . 10 i n . )  and 5.10 ram ( 0 . 2 0  i n . ) ,  f a i l e d  when the crack propagated

t h rough  them at  s t r e s s e s  of ap o r o x in a t elv  173 MPa (25 k s i)  , 207 MPa
(30 ksi) and 2/c O MPa (35 b-si) , resncctivelv. In Figure 121 the

s t r a i n  read  hr the gage loca ted  at a d i s t a nce of 1 .52  mm (0 . 0 6 in.)

f rom th e  crack tip is l i ne a r  um to a s t r e s s  of 69 MPa (10 k si )
t h e r e a f t e r , i t  increases  r a p i d ly  up to the po in t  when the crack
p ropa C ate  s through the ga re  at  an approx ima te  s t r e s s  of 186 NPa
(27 k sj ) .  The crack  reaches  the location of ~ar e s  4 and 5 (Fi 1gure
121) at  a d i s t ance  o~ 5 .10  mm ( 0 . 2 0  i n .)  at a stress of approximately
22- 8 NPa ( 2 3 k s i ) .

N oi re f r i n g e  p a t t e r n s  around the crack are shown in
Fi~~ure  12 7 for three load levels. The upper part of the pattern

co rresponds to d i sniacements  normal to the crack d i rec t ion , the
lower pa r t  to d i sp lacements  p a r a l l e l  to i t .  Br d i f f e r e n t i a t i n g
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the fringe patterns away from the crack the far-field strains

shown in Figure 123 were obtained. Relative disp lacements

between any two points can be obtained by the simple expedient

of counting fringes. Thus , the crack opening displacemen t

and the forward sliding or crack shearing displacement were

determined and plotted as a function of applied stress (Figure

124). These displacements are of the same order of magnitude

and they become nonlinear at an app lied stress of approximately

172 MPa (25 ksi) which is close to the stress level of initial

crack propagation as detected by the strain gages. The crack

propagates normally to its initial direction or along the

outer fibers as illustrated by the moire fringe patterns. Total

failure occured at an applied stress of 264 MPa (33.3 ksi). The

failure pattern is illustrated in Figure 125.

Specimen No. 6-20A was a replicate of specimen 6-12 above .

It had a 2.54 cm (1.00 in.) long crack and was instrumented with

strain gages and a 0.25 mm (0.01 in.) Dhotoelastic coating.

Isochronatic fringe patterns for three levels of loading are

shown in Figure 126. Failure starts at the tips at an applied

stress of approximately 167 MPa (24 ksi). The crack initially

propagates at 45-deg. to its original direction , then at one end

it turns to a direction normal to the original crack direction and

at the other end the damage propagates along a direction approximatel

25-deg. with the original crack direction , In the former case

damage consists primarily of subcracking parallel to the fibers of

the outer 0-deg. plies , in the latter case the damage seems to be

associated with subcracking and delamination of the interior 45-

deg. and 90-deg. plies. The variation of maximum birefringence and

approximate maximum strain at the tip of the crack is shown in

Figure 127. Ultimate failure occurred at an applied vertical stress

of CYyy 
= 221 MPa (32 ksi). Figure 128 shows two views of the

failed specimen .
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Figure 124. Crack Opening and Crack Shearing Displacements in

[O/±45/90}s Graphite/Epoxy Specimen with 2.54 cm

(1 in .) Crack Under Biaxial Loading o~~ = 1.98o,~
(Spec. No. 6-12)
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Figure 127. tIaximum Fringe Order and Strain at Crack Tip of

[0 /±45 /9O]~ Graphite/Epoxy Specimen With 2 .5L~ cm

(1.00 in.) Crack Under Biaxial Loading 
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Specimen No. 6-13 had a 1.91 cm (0.75 in.) long crack

and was instrumented with strain gages and a 0.51 mm (0.020 in.)

thick birefringent coating . The tabbed and instrumented specimen

is shown in Figure 129. A closeup of the gage layout around the

crack is shown in Figure 130.

The variation of strains near the crack tip and in the

far-field with effective applied stress is shown in Figures 131

and 132. In Figure 131 the gage nearest the crack tip does not

read the highest strain initially because of its orientation ,

although it is located i.~ the highest-stress region . However ,

as the load is increased the damage zone grows in the direction

perpendicular to the crack and this strain increases at a faster

rate and i t  overtakes the other strains farther from the crack .

The strain near the crack tip (gage 2. in Figure 131) at a distance

of 0.76 mm (0.03 in.) is linear un to an applied vertical stress

of approximately 76 MPa (11 ksi). The strains at distances of

2.5L~ mm (0.10 in.) and 5.33 mn (0.21 in.) from the crack tip

(gages 2 and 3 in Figure 131) are linear up to applied vertical

stresses of 179 MPa (26 ksi) and 200 ~Pa (29 ksi), respectively.

In all three cases the gages failed when the crack propagated

through them. In Figure 132 gage 1 located at a distance of 1.78 mm

(0.07 in.) from the crack tip shows a linear response up to a

stress of •
~~~~~~, 

= 110 MPa (16 ksi). Prom the gage readings it  seems

that the crack propagated a distance of 5.33 mm (0.21 in.) normal

to its initial direction between applied vertical stresses of

192 MPa (28 ksi) and 233 HPa (34 ksi).

[sochromatic fringe patterns in the coating around the

crack are shown in Figure 133 for three load levels. They illustrate

clearly the areas of high stress and the direction and extent of

failure propagation . Failure seems to start at the tip of the
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is 0.01 in.).
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crack at points where the tangent to the crack tip arc is vertical.

The crack then propagated normally to its initial direction or along

the outer fibers . The maximum fringe order at this point and the

corresponding tangential strain is plotted in Figure 13~ as a
function of applied stress. The variation appears bilinear with a

knee at a strain of approximatel y 0.011 , which is slightly higher

than the ultimate strain of an unnotched coupon of the same layup .

The computed stress concentration in the linear range is 3.2. The

maximum measured strain at failure , which occurred at 263 MPa
(38 ksi), is over 0.025. Two views of the failed specimen (Figure

135) show the di rect ion of initial crack extension accomoariied by

ex cessive de lamina t ion .

Specimen No. 6-14 was a replicate of specimen No. 6-13 above .
It  had a 1.91 cm ( 0 . 7 5  i n . )  long crack and was instrumented with
st rain gages and a 0 . 2 5  mm (0 .010 i n . )  th ick  b i r e f ri ngent  coa t ing .
The specimen was loaded in the biaxial machine ~‘iith a vertical

load exactly twice as high as the horizontal load. The effective

stress biaxiality ratio is not the same as the lead input ratio

because of the influence of the glass/epoxy tab. Normally the input

loads were adlusted to yield a 2:1 stress hiaxialitv ratio. In

this case , which was the first test of its kind , the load ratio was

maintained at 2:1 and the resulting stress biaxiality ratio was

iCvy /axx = 3.57. The strain variation near the crack and in the far-

f i e ld  with e f f e c t i v e  stress is shown in Figures 136 and 137. From

the s t ra in  readings near the crack tip it appears that the onset
of damage occurs at an app lied stress of approximately 69 MPa (10
ksi). Isochromatic fringe patterns in the coating around the crack

are shown in Figure 138 for three load levels. The crack or damage

propagates from the crack tip normally to the initial crack direction .

According to the birefringence measured , strains near the tip of

the crack exceed values of 0.03 at an applied stress of 226 NPa

(33 ksi). The specimen failed at an applied stress of 305 ~1Pa

(44 ksi). Two views of the failed specimen are shown in Figure 139.
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Specimen No. 6-16 had a 1.27 cm (0.50 in.) long crack

and was instrumented with strain gages and a 0.25 mm (0.010 in.)

thick photoelastic coating. Strains in the vicinity of the
crack tip and along the horizontal and vertical directions are

plotted as a function of effective applied vertical stress in

Figures 140 and 141. In Figure 140 the strain near the crack tip

(gage 1) is linear up to a stress of approximately 110 MPa (16 ksi
The three gages near the crack t ip  (gages 1, 2 and 3) f a i l ed  when
the crack propagated through them at app lied s t resses  of
approx imate ly  214 MPa (31 ks~~) ,  269 MPa (39 ks i )  and 276 MPa
(40 ks i ) . In F igure  141 the s t r a in  near the crack tip is linear

up to a s tress of 104 MPa (15 k s i ) ,  thereaf te r  it increases

rapidly up to the point when the crack propagates through the

gage at an approximate stress of 269 MPa (39 ksi). The crack

reaches the location of gages 4 and 5 in Figure 141 at an

applied stress of 290 MPa (42 ksi).

Isochromatic fringe pattern s in the coating around the

crack are shown in Figure 142 for four load levels. Crack

propagation , i~ the d i r ec t i on  normal to the crack , seems to be

limited up to a stress of 260 ~Pa (37.7 ksi). An abrupt jump

in crack extension seems to take nlace between this stress and

the next leve l of 278 ~tPa (40.3 ksi). In addition to the primary

propagat ion  norma l to t he  i n i t i a l  crack , there is crack extension

along the or ig ina l  c r ack  d i r e c t i o n  probably along the f ibers  of

the central plies of the laminate. This is illustrated by the

fringe patterns of Figure 142. There is also evidence of tertiary

crack propagation normally to the initial crack direction but

initiating at the tip of the subsurface extended crack. The

maximum f r inge  order  and s t r a i n  at  the ti p of the i n i t i a l  crack

is p lo t t ed  as a f u n c t i o n  of app l ied  s t ress  in Figure 143. Rapid

crack propaga tion occurs in the stress range 220-262 MP a ( 32-38
ksi) corresponding to peak strains of the order of 0.030. Total

failure occurred at an applied stress of 313 MPa (1L5.3 ksi). Two

views of the failed specimen are shown in Figure 144.
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Figure 141. Strains Near Crack Tip and Along Vertical Axis of

[0/±45/90J~ Graphite/Epoxy Specimen with 1.27 cm

(0.50 in.) Crack Under Biaxial Loading =

at 30-Deg. with Crack Direction (Spec. No. 6-16).
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Specime n No.  6-l7A was a r ep l i ca te  of the specimen above .
It had a 1 .27  cm (0 . 50  i n .)  long crack and was ins t rumented  wi th
s t ra in gages.  The s t ra in  variations near the crack tiP and along
the horizontal  and ver t ica l  axes are shown in Figure s 145 and 146. 

C

The s t ra in  near the crack t ip in Fi gur e 145 (gage 1) appears
nonl i near th roughout  the loading range un to the s t ress  leve l of
186 MPa (27  k s i )  when the crack propagates through the gage . The
damage zone reaches the gages f a r the r  from the crack t in  at a
st ress leve l of anp r o x i m a t e l v  290 MPa (42 k s i ) .  Al thoug h t h e damage
zon e h ad propagated more th an 2 .5  mm (0 .1  i n . )  from the crack t ip
f ina l  f a i l u r e  d id  not  occur through the crack but away from it
near the tab . This f a i l u r e  occurred at  a s t ress  of 343 ilPa ( 4 9 . 8  ks i)

Specimen ~o. 6- 18A had a 0.64 cm ( 0 . 2 5  i n . )  crack and was
ins t rumented  w i t h  s t r a in  gages and a 0 . 2 5  mm (0.01 i n . )  nhoto-
e las t i c  coa t ing .  The s t r a in  near  the crack t ip  was nonlinear
th roughout up to the s t ress  leve l of 258 MPa (37 ksi)  when the damage
extended through the strain gage . The pho toe las t i c  f r inge  pa t t e rns
con f i r m  that  v is ib le  damage i n i t i a t i o n  and extension occurred at
the st ress leve l above . The sp ecimen f a i l ed  prematurely away from
the crack near the tab at a stress of 332 MPa (48.1  ksi) .

Specimen No. 6- l9A had a 0 . 6 4  cm ( 0 . 2 5  i n . )  crack and was
inst rumented wi th  s t ra in  gages . The spe cimen was i n i t i a l ly  tabbed
wi th  5-ply c rossply  g lass/epoxy  with  the outer f iber  pa ra l l e l  to
the v -d i r ec t i on  or the direction of the highest load. Subseouentlv

three additional layers of resin-impregnated glass cloth (style
No. 1581) were laid over each side of the original tab and cured

in a vacuum bag at room temperature. This overlay extended up to

a 15.2 cm (6 in.) diameter circle in the middle of the specimen .

Strains near the crack tip and along the horizontal and vertical

axes are shown in Figures 147 and 148. The strain at a distance of

0.5 mm (0.02 in.) from the crack tip is linear up to a stress of

approximately 97 MPa (14 ksi) corresponding to a local strain of
0.002. The crack tip damage reaches this point at a stress of
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330 1’lPa (48 ksi). Far-field strains remained nearly linear to
f a i l u r e  which occurred at an applied vertical stress of 390 MPa
(56.5 ksi). Two views of the failed specimen are shown in
Fi gure 149 .

5. EFFECT OF CRACK LENGTH

Results for all specimens with cracks loaded b iax i a l l y

~re summarized in Table VIII . The failure s t ress  along the y —
axis as well as the stress components at f ai lur e re f erred to the
crack direction are given in this table. The last column
represents  the ra t io  of one of these components ( the one normal
to t he crack di rect ion ) and the un i ax i a l  s t r eng th  of the
unnotched  l amina te .  This s t r eng th  reduct ion  r a t i o , based only
on the norma l to the crack comp onent of f a r - f i e l d  s t ress , is
p l o t t e d  as a function of crack length in Figure 150. As can be
seen this ratio falls below the st r eng th  reduc t ion  ra t io  for
uniaxiallv loaded plates with cracks , because of the contribution

of the other two stress components , the shear and possibly the

norma l stress parallel to the crack direction . The strength ratio

for the biaxial loading applied is approximately 21 percent lower

than that for the uniaxial case, The contribution of the shear

stress is illustrated further in one case where the ratio of

shear stress to the norma l stress perpendicular to the crack direction
was doubled (Figure 150).

The app lication of the average stress criterion in this case
is ccsr.~nhjcated hut not intractable. The approach consists of

the following steps: (1) determination of state of stress near

crack tip , (2) integration of stress components over a characteristic

volume , and (3) comparison of average stress components with pertinent

failure envelope. The state of stress can be obtained from the

selucLon given by Lekhnirskii for elliptical openings (Reference 24).

Then the location , geometry and size of the characteristic highly

stress .d volume must he identified and selected. This can be done
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Figure 149. Biaxial Specimen with 0.64 cm (0.25 in.)
Long Crack After Failure (Spec. No. 6—l9A).
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also w i t h  the aid of the exper imenta l  r e su l t s  obta i ned in th is
test program . Integration of the stress components over this

volume yields two average normal stresses and an average shear

stress which must be compared with a failure envelope for the

sam e but unnotched laminate corresponding to the same stress

conditions. Experimental data for such a failure envelope are

not readily available ,

Results for arbitrarily oriented cracks in a biaxial

stress field could also he presented in tori—s of interaction

curves bet-.-?een the critical symmetric and antis ’.rninet;ic s t ress
intensity factors as shown by t,’u (Reference 25). Each crack size

would be represented by one interaction curve .

6. SU~TMARY AND CONCLUSIONS

An experimental study was conducted of the deformation and

failure of [O/+45/90J t.raohite/epoxv plates with crack s loaded

in biaxial tension resulting in a state of stress around the crack

with the shear stress equal to 0,35 times the stress norma l to the

crack direction . Crack lengths investigated were 2.54 cm (1.00 in.),

1.91 cm (0,75 in.), 1.27 cm (0.50 in.) and 0;64 cm (0.25 in.).

Strain gages , birefringent coatings and moire grids were used for

st ra in  measurement ,

Strains near the crack tip are either nonlinear throughout

the loading range or they become so at an app lied vertical (y-axis)

stress of approximately 75 ~1P~ (11 ksi) corresponding to a strain

of approximately 0.001. Failure seems to initiate at a point on the

crack tip arc where the tangent is parallel to the highest applied

stress. The crack opening disniacement and the crack shearing (or

forward sliding) displacement remain linear up to an applied vertical

stress of 172 ‘IPi (25 ksi~ which is the level at which initial
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crack or damage propagation takes place. At this level the crack

opening an d crack sh earing disp lacements begin to inc rease  at a
much f a s t e r  r a t e .  The in i t ia l  crack extension seems to bc at
45-deg. to the orig inal crack d i rec t ion . T h e r e a f t e r , the damage
zone consisting of subcracks parallel to the fibers of the various
plies propagates normall y to the crack d i rec t ion  in most  cases .
In one case crack propagation was observed at 25-deg. with the

crack direction and in another case damage propagation occurred

both paral lel  and norma l to the crack direction , In those cases

where the peak strain near the crack tip was recorded un to failure ,

i t  exceeded value s of the order of 0 .03 .

The components of far-field stress at failure referred t o

the cra~k direction were determined. Results were presented ii-

te rms of the ra t io  of the normal to the crack s t ress  and the
unnotched tensi le  s t rength of the l amina t e .  This r a t io  was foun d
to b e approximately 21 percent below tha t  for  u n i a x i a l ly  loaded
plates with transverse cracks , indicating an aporeciable cont~ ibution

to failure of the shear stress. This percentage of strength ratio

reduction remained n earl y the same f or all c rack sizes .
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SECTION VII

SU~’II1ARY , CONCLUSIONS AND RECOM~€NDATIONS
FOR FUTURE WORK

An experimental  program was conducted to study the
deformation and failure under uniaxial and biaxial tensile

loading of [O/±45/9O}~ graphite/epoxy plates with circular holes

and through-the-thickness cracks and to determine the influence

of notch size on failure . Experimental techniques used were

strain gages , photoelastic coatings and moire grids. Notch

sizes investigated were 2.54 cm (1.00 in.), 1.91 cm (0.75 in.),

1.27 cm (0.50 in.) and 0.64 cm (0.25 in.). The following results

and conclusions were reached:

1. UNIAXIAL TESTS OF NOTCHED LAMINATES

a) In the elastic range , the measured stress concentration

is close to the theoretical value of 3 for circular

holes.

b) Strains near the discontinuity become nonlinear at

a strain level of approximately 0.006 corresponding

to initial failure of the 90-deg. plies.

c) Maximum strains at failure on the hole boundary or

near the crack tip exceed twice the ultimate strain

of the unnotched laminate.

d) In the specimens with circular holes , regions of high

strain concentration with nonlinear response develop

at four characteristic locations 22.5-deg. off the
horizontal axis. Failure initiates at these points

where the interlaminar and membrane shear stresses

reach maximum values .
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e) Fa ilur e at the ti p of the crack takes the form of a

damage zone consisting of ply suhcrack in? and local

de lamination with occasional  f ibe r  b r e a k a g e .  Fa i lu re

in i t i a tes  off  the very t ip  of the c r a c k  and p ropaga tes
at an angle to it (approximately 4 0 -d c c ) .

f) The damage zone increases linearly with the square

of the stress intensity factor K1
’- up to a certain

value of K1, which is nearly constant ~‘ith  cr ack

length. Thereafter , this zone increa~ es linearly at

a faster rate , which is independent o~ crack length.

g) Final failure occurs when the damage zone reaches

some critical size .

h) The strength reduction ratio ranged be tween 0.40 and

0.64 fo r no tch  s izes  between 2 .54  cm (.1.00 in.) and
0.64 cm (0.25 in.).

i) The effect of notch size was satisfactorily described

using the average stress criterion . The average stress

over a distance of 4 to 5 mm from the notch seems to

give the best fit.

j) The strength reduct ion was indep enden t  of notch geometry ,
i.e., specimens with holes and cracks of the same

size had the same strength .

k) In the case of circular holes i t  was ound that there

is a cr i t ical size below which the lai. m ate becomes

no t ch- insensi t ive  -

2. BIAXIAL TESTS OF PLATES WITH HOLES

a) Strains on the boundary of the hole b - come nonlinear

at applied stresses of = 12( MPa (17.5 ksi)
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corresponding to a strain level of approximately

4 x lO ’
~~ . This is the strain level at which the

response of the uniaxial unnotched specimens

becomes nonlinear.

b) Initially , the circumferential strain is uniform

around the boundary of the hole. Subsequently ,

with increasing load , regions of high strain

concentration with nonlinear response develop at

eight characteristic locations 22.5-deg. off the

f iber  axes.

c) Maximum strains at failure on the hole boundary reach

values up to twice the ultimate strain of the unnotched

laminate -

d) Failure initiates on the hole boundary at points

2 2 . 5  deg. off the horizontal and vertical axes.

e) The strength reduction ratio ranges between 0.56 and

0 . 7 6  for holes between 2 . 5 4  cm (1 .00 i n .)  and 0 . 64  cm

(0.25 in.) in diameter.

f) The strength reduction ratios are higher than

corresponding values for uniaxial loading by

approximately 30 percent.

g) The variation of strength reduction ratio with hole

diameter can be satisfactorily described by us ing
an average biaxial stress criterion over a radial

distance of 3 mm.

I-i) The strength reduction ratios for uniaxial and equal

tensile biaxial loading represent lower and upper bounds

for any biaxial tensile loading of this laminate .
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i) ( isi-iso tropic laminates with circular cutouts

subjected to any arbitrary biaxial tensile loading

can be designed conservatively by assuming strength

reduction ratios corresponding to uniaxial loading .

3. BIAXIAL TESTS OF PLATES WITH CRACKS

a) Failure seems to initiate at a point on the crack

t ip arc where the tangent  is parallel to the highest
app lied stress.

b) The crack opening displacemen t and the crack shearing

disp lacement remain linear up to the point where the

damage zone begins to propagate . Thereafter , they

increase at a much faster rate .

c) The initial crack extension seems to be at 45-deg.

to the crack direction . Thereafter , in most cases ,

the damage zone propaga tes normally to the initial
crack direction .

d) Peak s t ra ins  as hi gh as 0.03 were measured near the

tip of the crack at failure .

e) A far-field shear stress eciual to 0.35 times the stress

normal to the crack 
~°ll ~ 

reduces the normal stress

at failure by approximately 21 percent from
that for uniaxial loading normal to the crack . This

relative strength reduction is independent of crack

size.

4. RECOMNENDATIONS FOR FUTURE WORK

The work described in this report has already been extended

to include a study of the effect of laminate construction . Plates

of a more anisotropic layup , [021±451 5 , with circular holes are
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being tested under uniaxial and biaxial tensile loading. The

failure cr i te r ia  t h a t  prove d succes s fu l  for  the q u a s i - i s o t r o p i c
laminate will be investigated in the angle-pl y laminate above .

Testing of this layup with cracks is not currently planned , but

it would be of interest to study any pecu l i a r  damage zone growth
associated with this laminate . I t  is generally assumed in the
case of a cr ack in a biax ial st ress f ie ld that the normal s tress
in the direction of the crack has no influence on crack extension .

A task to inves t iga te  this  h ypot hes i s  is currently being conducted.

Uniaxial tensile tests are conducted with cracks oriented with

respect to the load so that they produce the same ratio of shear

stress to the stress normal to the crack as in the case of the

biax ially loaded specimens discussed in Section VI. The only

difference between these two se ts  of tests will be the relative
magnitude of the normal stress in the direction of the crack .

One of the conclusions listed before is that , for the
quasi-isotropic laminate with circular holes , the strength reduction

ratios obtained by uniaxial and equal biaxial loading represent

lower and upper bounds. To check this conclusion and help obtain

interpolation curves for other biaxiality ratios it is recommended

that some limited biaxial testing be conducted for other biaxiality

ratios such as 2:1 , 4:1 and 6:1.

The task of expre ss ing an exp licit failure criterion around

a crack in a general biaxial stress field remains to be done . This

is not hampered on ly by the complex ity of computations but also by
the lack of ade quate fa ilure data under a general biaxial s tres s
field for the various laminates. The task can begin by establishing

rel iable failure envelopes for the laminate in question for the

general biaxial state of stress. The procedure for establishing

an average stress criterion outlined before in Section VI could

be followed successfully. Additional testing is recommended with
cracks in biaxial fields of vary ing ra tios of shear st ress to
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normal stress perpendicular to the crack to establish interaction

curves between the symmetric and antisymmetric stress intensity

factors . The variation of these interaction curves with crack

size could then be studied.

The observation of strain buildup and failure initiation

at 22.5-deg. locations off the fiber axes has been emphasized. In

all these cases the principal far-field stresses were oriented

along fiber directions. It  has been suggested that some testing
of panels with holes be conducted with the loading at 22..5-deg.

to fiber axes. It will be of interest to see whether the points

of fracture initiation would still shift from the axes of loading

symmetry -

All  work completed and p lanned current ly  deals with fiber
dominated laminates. It would be useful to extend the study of
notch stress concentration and notch size on matrix-dominated

laminates -

A great deal of emphasis is being placed and a great deal

of work is being done on the environmental effects of temperature

and moisture on composite laminates. A logical and most important

step would be to study these environmental effects on the behavior

of laminates with notches (holes and cracks) including the notch
F size effec t. The experimental stress analysis in these tests

need not be as extensive as that reported in this report.

Finally, another logical sequence of the static biaxial

testing conducted here would be to study the behavior of notched

laminates under cyclic biaxial loading . Modification of the

existing biaxial loading system to apply cyclic biaxial loading

is not very difficult.
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